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Abstract

This thesis contains two projects — the development of a Raman fibre amplifier system for gas sensing

and the development of a fibre-in beam-out isolator for use with fibre lasers.

The first project developed a fibre Raman amplifier which amplified a 10mW narrow linewidth DFB
laser at 1651nm to an output power of over 2W. To achieve this high output power from a narrow
linewidth Raman amplifier mechanisms to suppress stimulated Brillouin scattering had to be
employed. This amplifier system was packaged into a portable 19” rack enclosure and used to
demonstrate remote, single-end, tuneable diode laser spectroscopy of methane. The packaged system
detected methane concentrations of 100ppm.m at over 100m during challenging field trials.
Extrapolation of lab based measurements to longer distances predicts an ultimate sensitivity of the

system of 100ppm.m at greater than 200m.

The second project developed a Faraday isolator to be used at the output of industrial fibre lasers. The
isolator had an isolation of greater than 30dB, an insertion loss of less than 0.5dB and a return loss of
greater than 50dB. The isolator used a dual Faraday rotator design with a half wave plate between the
rotators to compensate for thermal stress induced birefringence. Using this approach the isolation was
shown to be constant to greater than 60W. The isolator was also compensated for thermal lensing by
balancing the positive thermal lens produced in the Faraday rotator with a negative thermal lens in a
DKDP crystal. This reduced the thermal lens of the isolator from ~9 Rayleigh length per kW intrinsic
to below 2 Rayleigh lengths per kW.

v



Table of Contents

Chapter 1 - Introduction and Executive Summary 1
1.1 TIUIFO@UCTION ..ottt ettt ettt st sttt st e et e s baesbeeebaeeaees 1
1.2 EXECUTIVE SUMIATY ....oovveeiieeiie ettt etee et e et e eteestee e ttesbeesaaeenbeesssaeentaessaesnseessseenseas 2
1.3 TRESIS STFUCIUTC ...ttt ettt ettt ettt et sbte s bt e sbe e bt e et eaaesane e 3

Chapter 2 - Introduction to the Development of a Long-Range Open-Path Methane Sensor ...... 5
2.1 TREFOAUCTION ...ttt et sttt ettt 5
2.2 Outline of PropoSed SYSIEMI ............cccocievuiiciimiiiniieiieeieeieete ettt 6
2.3 ODJECHIVES ...ttt et ettt ettt ettt et 8
2.4 Breakdown of folloWing CRAPIETS.............cccccoeeeuiecuieiiiniiiieiteitet e 8

Chapter 3 - Theory 10
3.1 Tunable Diode Laser SpectrOSCOPY (TDLS)........ccc.uoeuieeiieiieiciiesieecieeeeeesieeesieeesieesniee s 10

3.1.1 Tuneable Diode Laser Spectroscopy with Direct Detection (TDLS-DD)...................... 12
3.1.2 Tuneable Diode Laser Spectroscopy with Wavelength Modulation Spectroscopy
(TDLS-WMS) ...ttt sttt sttt s b e st saesae e 14
3.2 Methane Spectroscopy and State-of-the-Art TDLS Detectors ..............ccceeeeeeecuercuencueneenne. 18
321 Short Range TDLS Methane SENSOTS .........coceoieriieiiieiinienieeeeeie e 20
322 Long Range TDLS Methane SeNnSOTs...........ccceeviirierieniieiieienieseeneere e 21
3.3 Choice of Laser Source for the Long Range Methane Sensor...............ccccccoceceeceeeeeeneennen. 23
3.4 Raman AMPIIfICATION............c.cocueivuiiiiiiiiiiiiiieeteetetee ettt st 25
34.1 Spontaneous Raman SCAtteIING........covueriiriiriiniiiiiiiieeeet et 25
34.2 Stimulated Raman Scattering (SRS) ....c.ccoviiiiiniiniiiiiieeeeeec e 28
3.5 BFIlIOUIN SCATLETING ...ttt e e 33
3.5.1 Spontaneous Brillouin SCAttering.......ccocueerueeriiirieiniiirieeieereeete ettt 33
352 Stimulated Brillouin Scattering (SBS) .....ccceiviiiiiiiniiiieeieeteeeeteeeee e 34
3.6 SBS SUPPTESSION ...ttt et et sttt e sane s st aeeneene s eae 37
3.6.1 SBS Suppression by Broadening Pump Linewidth.........cccccoceviieniiniinninniiiininceenn 37
3.6.2 SBS Suppression by Broadening the Brillouin Gain Linewidth ........cc..cccccoceniinenncne 38
3.7 High Power Narrow Linewidth Raman AMPLIfIErsS .........ccceecueeeieeceeeiieeiieeieeesieescieesneennns 40
3.8 SUIIIATY .ottt ettt ettt et e et e e at e e bt e e abeeteeesaeesseesnssaesseesssesnsaessseensaeessennseas 41
Chapter 4 - Fibre Amplifier System Development 50



4.1 Erbium Doped Fibre AMPIIer (EDFA )........coocuiicueeeiieeiiieeieesieeeieesieesveesieesveesveesnseenns
4.2 Modelling CW Double Clad Er:Yb Fibre AMPIier..........ooccueevcveeeciiiiiieeiieiiieeeieesieenneens
4.3 RAMAN AMPLFIOT ..ottt ettt e e s beessbe e s abeessbeesasaensseens
4.4 Modelling of CW Raman AMPLIfier SYSTEML.........occuueecueeicuiieiiieiieeeieesieesieesieesveesveenveenns
4.5 Fibre Amplifier system for the Long Range Methane Sensor...............ccccceceeveecueecuencnennne.
45.1 Amplified Spontaneous Emission SOUICE .........ccccevievieiiiriiiiienienieiicieeeeeieeeeseeen
452 High Power Erbium-Ytterbium Fibre Amplifier..........ccccoccooviniiniiininiiniiiiiiicnee.
453 Counter Propagating Raman Fibre Amplifier..........cccccoceoiiiiininiiiiiiiiieeneeeee
454 Co-propagating Raman AmPLfier ........c.ccoecveriiiiiniininiiiicieeceeeeeeeseeeeeen
4.6 Suitability for Methane Sensor — Testing of complete SYSIEeM ..........cccueeeveeeceeesceeecveeseennnes
Chapter 5 - Construction and Testing of Prototype Methane Sensor
5.1 TDLS SYSTEM ..ottt ettt ettt et e e et e e e sttt e e s bt e e ssabeeeeeabbeeesabeeesaabaeeean
52 OPperating INSITUCTIONS .........cc.cocuerueerueeiiiiiiieeieeeeeeeeeete ettt sttt et sae e eneeas
53 Initial demonstration of the TDLS SYSIEML............ccccocoeevuiriiniienieiieiieieeeeeeeeeere e
54 Laboratory Trials and CRAFACIETISALION ..............cc.oocueecuiriuinieiieiieieeeeeeeeieeeieeere e
5.5 FLOLA THIALS ..ottt ettt ettt ettt ettt e sateesaae e
Chapter 6 - Conclusion
6.1 Achievements of Raman Amplifier DUild ...............cccccoeeeveiviniiniiiniiniiiniiieeeeeieeeeene
6.2 Achievements Of SYSTEN INTEGTALION ..........c.ceeeueeeevieeciieaiieeieeecieeeieeeieesveeebeesveesbeesseesnns
6.3 Next Stage Improvements t0 the MetRANE SENSOT..........cccuueeeueeecueieirieiirieeiieeiieeeiieesieenaeens
6.4 FUTIRET WOTK ..ottt ettt ettt ettt et e
Chapter 7 - Development of a Fibre-in Beam-out Isolator for Fibre Amplifiers .........ccccceueucnee.
Tod ITEFOAUCTION. ...ttt ettt ettt s bt e st e st e e bt e st e e sabeesabeesbeesane
7.2 Outline of PrOPOSEd ISOLATOT...........cccueeecueeeiiieciieeiieeciieeeieeeciteettesieesveesteessaeesbeesseessbaesseesnne
7.3 ODJECHIVES....cccuvveeeeeeieeeieeeieeeeeeiteeteesteeebeesateessbeesateessseesabeeasbeesnseesaseesabeesnsaesnseeanseesnseeanseennn
7.4 Overview Of fOLlOWING CRAPTETS .......ccueeecuueeeiieiieeiieeiieeecieeecieeeieesteesieeseteessveesbeesseesnbaesseennne
Chapter 8 - Faraday Isolator Theory
8.1 Faraday Effect............cccociiiiiiinioiiiiieieeeeeeee et
8.2 Derivation of Becquerel’s Verdet Constant EXpreSSion...............ccoccoeceeeveeeieceecuencueneenne.

115

Vi



8.3 FOrad@y ISOLATOTS ......oueeeeeeiieeeeeit ettt et te st e s aee s be e s e e s abaesnseesnbaesseeenns 127

8.4 Thermal Effects in Faraday ISOLATOTS...........cuoecueeeeeecieiesieeiiieecieeesiieesieeenieesneveenieesnevesenes 129
8.4.1 Thermal Stress Induced DepolariSation ...........ccceevereereeneeneeniienienienieneeneeneeee e 130
8.4.2 THermal LLeMS .....eeviiiiiiiiiiiniieieeeee ettt ettt et 142
8.4.3 Thermal dependence of Verdet Constant and Magnetic Field Strength and
COMPENSALION ...ttt ettt ettt ettt s e st e e e bt e b e eane s e e saeesaee st esneenneennesnnesneens 145

8.5 SEALE OF THE AFL......ooniiiiiiiii ettt et 147

Chapter 9 - Thermal Lens Effect in Faraday Isolator 153

9.1 Thermal Gradients in Optical MAIEFIALS ............c..oceueecueienceeeiiieiieeeieesieesieeesveeseeessve e 153

9.2 Calculating Thermal Lens FOCAL LENGtN...........c..ccccueeceienieeeiiieiieesieeneeesieessiveenieesnveeenas 156

9.3 Measuring Thermal Lens Power (GeOMEtriCaAL)............cccuueecueescieeeceiiniiieniieesieesiaeesveenneens 158

9.4 Focal Shift in Terms of Rayleigh Length............cccoevvueeeiiesieeiiienieeiieeseeeiiiesieessieesnseesnne 160

9.5 Our Thermal Lens Measurement Setup — Equipment and procedure................................. 161

9.6 Other Thermal Lens Measurement TeCARIQUES..............c.cccccocuereeneenuieniicinienieeeieenene 167

9.7 Thermal Lens COMPENSALION..............cceecueruereeneenaietieeeeeesieete e eresneseesee st esaeenesanene 169

9.8 Compensation of thermal lens with DKDP ...............cccccccuviiiiiiiecieiinieneeneeneeseeeee e 171

9.9 Temperature variation of the Verdet Constant and magnetic field strength ...................... 173

Chapter 10 - Faraday Isolator Design, Construction and Characterisation 184

10.1  Design of Fibre-in Beam-out Faraday ISOLATOT ............cccuevcueeevieeeiiiiiieniieeiieencieesveenneens 184

10.2  Optical Design and PolariSAtion CHRANGES............c..cccveeeueeecueeiiieenieeiieeniaeesseesiseesseesseens 186

0.3 MAGRET AESIGN ...ttt 189

JO.4 TG ettt ettt ettt ae ettt et e et e enteeneenaeeaeeteeneene 192

10.5  Other Magneto-Optic MaAterials................coccooeevieiuiecuiniuiniiniieeiiecieeereeee st 194

10.6  Thermal Lens measurement Of ISOLATOT .........ccc.oovvueeecuiiicieeeiieeeieeecieecieesie e e sveesveeneae s 196

10.7  Thermal Lens Compensation uSing DKDP ...........c..cccoueicueeeceeiieenieesiienieeesieesseesseesneens 198

10.8  Thermal Lens Compensation using POIYMET .............cccuovveeeceeiiieenieeiiieeieesieeeieesveenneens 203

10.9  Low Power ISOlator MeaSUTEMERLS ...........c.cccveereeruiriiriiniienieenieeieete st siee e eae e 205
10.9.1  ISOlation MEASUTEIMENLS .....cccuveeriieriieerieeniieerieeeteesteesateesbeesabeesabeesabeesabeesabeesabeesareenas 205
10.9.2  Insertion LoSS MEASUIEIMENL ........ccvuveiriieriieiiieniee e eiee st eeiee st etee st eebeesbeesareeeas 207
10.9.3  Return 10SS MEASUTEINENL ...cc..veiriieruiieriienieeeieeetee st e et e st esbeesbeesabeesbeesabeesabeesareenas 207

vii



10.10  High Power ISOlAtOr MeQSUTEIMENLS. ..........ccecueeecueeereeiieeeieesieesiseesieesseessseesseessseesseens 210

10.10.1 1S01ation-POWEr MEASUIEIMENLS. ........cceiiiiirreeeeeeieeiitreeeeeeeeeirrereeeeeeesisrrereeeeeeessarenees 210
10.10.2 Isolation with Beam Dumps and Temperature Measurements .........c...cc.cceceereeenneene 211
10.10.3 200hrs 60W Power Handling Test......cccccoouerieriiniiiniiniinienierieeeeeee e 213
Chapter 11 - Conclusion 220
11.1  Summary of Isolator Development ................c.ccoceevuiecuincuinienieeiieiieecieeee st 220
T1.2 INEXE STEPS ..ottt ettt et et et st ettt e sttt e ae e s 221
11.3  Fibre-in Fibre-out ISOIATOT ......................ooooviiiiiiiiiiiiiiiiiiiiiiiiieeeeee 222

viii



Table of Figures

Figure 2.1: Simplified schematic of the proposed 1651nm Raman amplifier. .......c..c.cceceeeeeciencncncnnns 7
Figure 2.2: Open path, single end TDLS setup using Raman Amplifier system..........ccccceceeveerernucnne. 8
Figure 3.1: Illustration of the principal of tuneable diode laser spectroscopy with direct detection [3.6]
.............................................................................................................................................................. 13
Figure 3.2: System diagram of a typical setup for TDLS-DD.......c..cccccevirviimiiniiniininciieneeneeeenn 14

Figure 3.3: Illustration of the principal of tuneable diode laser spectroscopy with wavelength
modulation spectroscopy. As the wavelength of the laser m_ is scanned across a gas absorption line

the wavelength modulation is converted to an amplitude modulation Aat (AM). Over a complete scan

of the absorption profile this builds up a trace of the line derivative. [3.7].......cccccooeeviriiniiniiniannnn. 16
Figure 3.4 Lorentzian line profile (a) with first (b), second (c) and third (d) derivatives [3.7]........... 16
Figure 3.5: System diagram of a typical setup for TDLS-WMS.........ccccooiiiiiiinininininiecereneene 18
Figure 3.6: Methane absorption spectrum from a) 1pm to 4um and b) close up of 1651nm.............. 19

Figure 3.7: Oscilloscope traces of detected signal from seed laser (black) and EDFA output (red) at
various modulation frequencies [3.23]. ...cccueoiiriiriieiiiie ettt 22
Figure 3.8: Raman Scattering. An incoming photon of frequency (vp) excites a molecule in an initial
vibrational state (i) to a virtual state (u). The molecule subsequently emits a Stokes photon with a
frequency (vs) and returns to a different state (f). If the molecule begins in state (f) then it may return
to state (i) forming an anti-stokes photon with frequency (Vas)........ccocoeeevieiiinieniencenciicneneeeee, 26

Figure 3.9: Raman gain spectrum of silica optical fibre measured with a 1550nm pump and an

orthogonally polarized signal [3.33]. ...cc.ooiiiiiiiiii e e e 28
Figure 3.10: Pump power (green) and signal power (red) evolution in a co-propagating Raman
AIMPLITICT. .ottt ettt et e a et s b e s bt e bt e b e et et sbeesbeenbeebe e 30
Figure 3.11: Pump power (green) and signal power (red) evolution in a counter-propagating Raman
AIMNPLITICT. .ottt sttt ettt et s b e s bt e bt e bt et et sbtesbeenbeebeeaee 31
Figure 3.12: Pump and signal evolution in a co-propagating Raman amplifier with an input seed
power of ImW (red), 10mW (green), 100mW (Blue) and 1W (black). .......cccoevveerieeniiiniiiiniiencennen. 33
Figure 3.13: Stimulated Brillouin Scattering. [3.32].....ccccectirerenininerenieeenenese et 35
Figure 4.1: Cross section of double clad optical fibre showing refractive index profile [4.7]. ........... 52

Figure 4.2: Energy level diagram of Er:Yb system showing transition paths, pumping rates and decay

CONSEANES [4. 2] oeeiiiiiiieeeiee ettt ettt e e e e eea e e e e e eeeaaaaeeeeeeseesaataeeeeeeeeenaaresseeseeenaraeeees 54
Figure 4.3: Calculated evolution of pump and signal power in fibre amplifier with 32W 980nm pump
and SMW 1550NM SEEA. ....coviiiiiiiiiiiiiieietctee ettt e 57
Figure 4.4: Calculated output signal power Vs pump power in a 10.5m length of ErYb fibre. .......... 57
Figure 4.5: Evolution of pump (red), signal (blue) and Brillouin (green) powers in a Raman amplifier.
.............................................................................................................................................................. 62
Figure 4.6: ASE seed SChemALiC.....cc.coeviiiiiiiiiiinieecctccee ettt 64

iX



Figure 4.7: Pump-Output characteristics (red) and conversion efficiency (blue) of ASE seed.......... 64

Figure 4.8: ASE seed spectrum at SmMW OULPUL POWET. «...couveruririieriieniieiieienienieenieenieeie et sieeneeenieene 65
Figure 4.9: Schematic of high power EDFA. ........ccociiiiiiiiiiceeeeee e 66
Figure 4.10: Pump power Vs output power characteristics of EDFA and optical conversion
EEFICIEIICY ..ottt et ettt s s st 67
Figure 4.11: Spectrum of EDFA at SW OUtPUL POWET.......cc..ccueriiriirinieriniietetenientese et 67
Figure 4.12: Counter-propagating Raman AmPLfier. ..........cccecerinininenieienicnenneeceeeeeeesee e 70
Figure 4.13: Output Power Vs Pump power of Raman amplifier. .........ccccccevenininieneniinnenicncnennenn 70
Figure 4.14: BacksCattered POWET .......cceiruiriiriieieiieieeieeie ettt ettt sttt st saee e 71
Figure 4.15: Co-propagating Raman AmpPLfier. ........c..cooeeviiiiiiiniiniiiiieieeeeeeee e 72
Figure 4.16: Output power characteristics of co-propagating Raman amplifier. ........c...ccccoceveeneene. 72
Figure 4.17: 1650nm backscattered power in Raman amplifier...........cccccocevviiniiniiniincnnicncenene 73
Figure 4.18: Backscatter vs. dither Frequency. Dither S0MA pK-pK......cccevuevierenenienenenieeienenennenn 74
Figure 4.19: Backscatter vs. dither depth. .........ccccoiviiiiiiiiniiiineeccese e 75
Figure 4.20: Distortion to output waveform due to stimulated Brillouin scattering...........cc.ccecceveune.. 76
Figure 5.1: Complete system for TDLS demonstrator. ..........cccccoevirererierienieneneneneneeeereneeneenne e 80
Figure 5.2: Inside the Optical amplifier SYStEIML. ........cceirirriiriiiiiinienieieeteetese et 81
Figure 5.3: Schematic of fibre amplifier system and control electronics. [S5.1] ...c..ccoceevirviniinnncne. 82
Figure 5.4: Inside the amplifier control rack..........ccccoeiiiiiiiniiiiiiniinieieeeec e 83
Figure 5.5: Photograph of TDLS electronics rack.........ccoceerueriirienienieniiiienieneenieeieee et 84
Figure 5.6: Block Diagram Schematic of TDLS electronics rack. ......c..ceceeeveveerenenieneneeeenienenennenn 84
Figure 5.7: Inside the transmit/receive head unit. (picture Kevin Duffin) .......ccccocooveveriniiicninennnn. 85
Figure 5.8: Computer Interface used during trialS.........c..cecuevveriereninerenieniertenenese et 86
Figure 5.9: Drive current Vs output power of completed amplifier System. ........c..cceceeverveereencennenne. 88
Figure 5.10: Diagram of setup for laboratory trials of gas sensing System. .........c..cceceeverveereercennenn 89

Figure 5.11: Gas sensing measurement with 1.2W transmitted power and path length concentration of

10000ppm.m off a concrete backSCAttEr TATZEL. .......evveerueerieriirierienieeie ettt ettt 90
Figure 5.12: Measurements with different targets at high power — low concentration. .................... 92
Figure 5.13: Measurements with different targets at low power — low concentration. ..........c..cc.c...... 95

Figure 5.14: Measurements of 10,000ppm.m, 1000ppm.m and 100ppm.m concentrations of methane
from @ CONCIELE DIOCK. ......couiiiiiiiiiiei e e s st 99

Figure 5.15: Measurement of 100ppm.m (in one tedlar bag) and 200ppm.m (in 2 tedlar bags) samples

ADOVE DACKZIOUNA. ...cuiiiiiiiiiiiit ettt ettt st bt sttt et saresbaesbaens 100
Figure 5.16: Output power at 1650nm as a function of pump POWET........cccceveevuerienienieneenenneennne. 100
Figure 5.17: Photos taken of field trialS. .........cveeciieriiieniieiiieeiee et sreeeiee et svee s e sbeeebee e 103

Figure 5.18: Measurements of 10,000ppm.m, 1000ppm.m, 100ppm.m methane samples made using
the demonstrator at 105m during field trials. ..........cccoooiiiiiiiiiiiiee e 104
Figure 5.19: Measurements of different concentrations of methane at 105m. Inset: expanded image of

100ppm.m and background MEASUTEMENL. ...........ccueeiiriiriienieeiieie ettt ettt 105



Figure 7.1: Suppression of back reflection using a) an angled cleave; and b) an end-cap. In each case

light in the core of the fibre is lost to the cladding (dotted lines).......c.cccveereevernieniienienicnieeecaee, 120
Figure 8.1: Faraday Isolator basic SChemALIC .........cccuevuirieriineiiiiiiriecececetceeeeee e 127
Figure 8.2: Polarisation Independent Faraday Isolator using birefringent wedges [8.6]................... 128

Figure 8.3: Depolarisation distribution of Gaussian beam through a TGG rod a) theoretical and b)
EXPETIMENTAL ..ottt ettt ettt et et e s st s ae e n e et e esneen 131
Figure 8.4: Thermal birefringence compensated cavity using dual laser rods and a 90 degree quartz
1110 O O O PSP P PSP PR PPPPRRO 131
Figure 8.5: Laser cavity with 45° Faraday rotator with laser rod broken into retardation plates. This is
the polarisation flip cavity analysed by Giuliani and Ristori [8.12].......cccccoceeviriiniieniiniiniincnenne. 133
Figure 8.6: Thermal Birefringence compensation using a quarter-wave plate [8.13]. ........ccccceeeeee. 133
Figure 8.7: Design of a) traditional Faraday isolator b) isolator with counter-rotating 22.5° Faraday
rotators and a half wave (A/2) plate and c) isolator with two 22.5° rotators separated by a quartz
Frola170) gl k<3520 RSSO 134
Figure 8.8: Dependence of isolation on input power for the three isolator designs. TGG length of
40mm and best OrieNtation ANEIE. ........cocuerierieriieiietirtetter ettt sttt ettt et 138
Figure 8.9: Dependence of isolation on length of TGG crystal for the three isolator designs. Best
OTIENLAtION ANEIE. ..c..eiiiiiiiiiiiiiiii ettt ettt e sttt e e e eaeens 139

Figure 8.10: Dependence of isolation on <001> TGG axis orientation for the three isolator designs.

............................................................................................................................................................ 139
Figure 8.11: Isolation of half wave plate compensated isolator using <001> TGG in the best and
worst orientation and USINg <111> TGG....cooiiviiiiiiiiiiiiiiiieece et 140
Figure 9.1: Temperature Profile ..........c.ccooiereeriiiiiiiiiiieieieeee ettt 155
Figure 9.2: Refractive index in centre of a 6mm radius TGG crystal heated by 1000W Gaussian with
SPOL SIZE LTI .ottt sttt ettt et ettt shteshe et et eat e e bt e s bt e beebeesbeeaeesaeenbeenaeenee 157
Figure 9.3: Dioptric power of thermal lens against power in 30mm piece of TGG..........ccccceuenenne. 157

Figure 9.4: Two lens system used to derive argument to compare focal shift in Rz/kW to

DIOPLIES/KW . .ttt et et st st et ettt e 160
Figure 9.5: Operatiing Space chart for Nanoscan pyroelectric scanning-slit detector ...................... 162
Figure 9.6: Setup for measurement of thermal lens from an iS0lator. .......c..cocceevervienieniencencnnennne. 162
Figure 9.7: Measurement of beam radius with position made by Nanomodescan system. ............... 164
Figure 9.8: Example thermal 1ens Measurement. ...........cocueveereerierierieneeneenieeteetenieesieenieesieeeeeaees 165
Figure 9.9: Fibre coupling jig with water (top) and forced air (bottom) cooling. ........c..cccccevuerucnee. 166
Figure 9.10: Probe deflection thermal lens measurement [9.22]........cccooeerierierieiirnieeieeeeeee e 168

Figure 9.11: Refractive index profile in 3mm radius DKDP pumped with a 1kW Gaussian laser with
A TAATUS OF O.5TNIML ..ttt ettt et e bt e s bt e sbt e s b e e e beesbeeesaeeeabee 173
Figure 9.12: Variation of isolation with Temperature caused just by temperature variation of the
magnetic field strength and Verdet CONSTANE. ..........cccuevveriiriinernirieitencenceiceteete et 174

Figure 10.1: Mechanical (Top down) schematic of the Faraday isolator. ........c...cccccecvevieneencnncnee. 186

X1



Figure 10.2: Beam paths through the isolator and polarisation changes for light travelling in the

forward and reverse direction. [Mark Gardner]. ......cccooveeiiiiiiiiiiiiiieei e 187
Figure 10.3: Birefringent walk-off plate. .......cccccooiriiiiiniiiiitceceeeeeeee e 188
Figure 10.4: Diagram of magnetic field produced by the isolator magnet assembly. .........c..cc........ 190
Figure 10.5: Magnetic field strength through centre of the TGG rods. ......ccccoeverinerenienicncncnenne. 190
Figure 10.6: Polarisation rotation variation with the separation between magnets at 20°C. ............. 191
Figure 10.7: Variation of the magnetic field strength radially through the TGG rods. ..........cc.c....... 191
Figure 10.8: Reflectivity of AR coating on piece of TGG. .....ccccccerirerieiinienienienineneeeeeeeneneene 193
Figure 10.9: Image of red alignment laser transmission through isolator, ..........ccccceceveeneencnncnnee. 194
Figure 10.10: Setup used to measure the thermal lens of a complete isolator..........c.ccceceeveenernncnnee. 197
Figure 10.11: Focus position shift with power of complete iSOlator. ........c.ccevueeviervienienieneenenenee. 197
Figure 10.12: Focal shift of isolator and 15mm DKDP. ........cccceoviiriiiiiiiiiiiiiieeee e 199
Figure 10.13: 99% DKDP sample constructed as isolating component for testing with isolator...... 200
Figure 10.14: Setup used to measure the thermal lens of an isolator and DKDP.............c.ccccceuenenne. 201
Figure 10.15: Power dependent focal shift of isolator (s/n 01460261) with and without DKDP
COMPEIISALOT. ..uuviiitiiiitieitieette et e et e st e e bt e s bt e e bt e s b e e e bt e s b e e e bt e sab e e eaae e s b e e eaeesneeessaesanaeenaeeaneeenneeanes 201

Figure 10.16:

Figure 10.17:

Figure 10.18:

the crystals). .
Figure 10.19:

Figure 10.20:

Setup used to measure the thermal lens of isolator with DKDP compensation model.
Thermal lens measurement of isolator (s/n 01460264) with DKDP module............... 202
Propagation of light after exiting the isolator, and inside isolator (ignoring refraction of

...................................................................................................................................... 203

High power testing of Sylgard 184. ........ccoociiiiiiiiiiice e 205

Isolation measurement beams on a CCD a) isolated beams and b) residual/not isolated

DAINIS. ...ttt et et sa e st ae e 206
Figure 10.21: Setup for measuring the return 1oss of an iSOlator. .........c..cceceeveeviiriienienieneenenenee. 208
Figure 10.22: Measurement of Return Loss Of 1SOLator. ......c.ceccviiiiiieriiieniiieniieeieeeiee e eieesiee e 209
Figure 10.23: Setup for measuring isolation at high POWETS. ........coccerviirienieniiiiinienieeeeeeee e 211
Figure 10.24: Isolation against iNPUL POWET. .....c..cceruirireeieierteneniene et ettt eeaesae e enes 211

Figure 10.25:

Figure 10.26:

Temperature rise of isolator outer casing and isolation with 28W reverse input power.

200hr test of isolator with greater than 60W INput. .......c.cecoevierieiieniniiiiiiieneene 213

Figure 11.1: Path of beams through optical components of single-pass FIFO isolator, side view and
top view, and polarisation changes in forward (red) and reverse (blue) propagation. [11.5].............

Figure 11.2: Magnetic field around triple magnet design calculated using FEMM. ...........ccccccec...e. 225

Figure 11.3: Rotation of TGG in triple magnet design, figure 11.6, with spacers between the magnets.

Xii



Chapter 1 - Introduction and Executive Summary

In accordance with EngD guidelines this thesis is of a “portfolio” type, covering two distinct but

interrelated projects:

1. The development of a high power fibre amplifier system for methane sensing; and

2. The development of a Faraday isolator for high power fibre amplifiers.

This chapter introduces these two projects and explains the connection between them. The chapter
also includes an executive summary, highlighting the main outcomes of the two projects, and finishes

with a chapter-by-chapter overview of the thesis.

This chapter is structured as follows:

e Section 1.1 — Introduction
¢ Section 1.2 — Executive Summary

e Section 1.3 — Thesis Structure

1.1 Introduction

The rate of development and adoption of fibre amplifier technology over the past half century has
been staggering. Since the initial idea of a fibre based gain medium was proposed by Snitzer in the
1960’s [1.1] rare earth doped fibre amplifiers have progressed rapidly from research to application.
They are often described as the key enabler of long haul telecommunications, with the development of

the erbium doped fibre amplifier in the late 1980°s [1.2, 1.3].

In the last couple of decades the power of rare earth doped fibre amplifiers has increased
tremendously from a maximum of several watts in the late 1990’s to over 1kW today [1.4]. These
high powers are now enabling fibre amplifiers to be used in applications like materials processing;
where fibre amplifiers, with their “perfect” beam quality and low maintenance, are quickly displacing
traditional high power CO, and Nd:YAG lasers. The broad gain spectrum of fibre amplifiers is also

finding use in applications like optical coherence tomography and long range sensing [1.5].

The development of fibre amplifiers to access new wavelength ranges and higher powers to target new
applications is therefore very exciting. As is the development of the fibre optic components required
to allow these amplifiers to operate efficiently and robustly. Since most of the key components used in

fibre amplifiers, like fused-fibre WDMs and splitters were developed for telecommunication and not



originally intended for use at high powers [1.6]. Therefore, a lot can be done to improve the power

handling and reliability of these components.

This dissertation will report on two projects based broadly around the design and development of high
power fibre amplifier components and systems. The first project concerns the development of a fibre
amplifier system with application to long range methane sensing. The second project examines the
development of a Faraday Isolator for use with high power fibre amplifier and laser systems. Faraday

isolators are critical components required to protect fibre lasers from back reflected light.

The relationship between these projects is that they both utilise fibre optic technology and advance the
state-of-the-art in high power fibre optic amplifier and component design. To improve the robustness
of the fibre amplifier system developed in the first project a Faraday isolator, similar to that produced
in the second project, could be used at the output. In fact it is believed that back-reflections were
responsible for destroying several pump diodes in a high power EDFA during construction of the

amplifier system.

1.2 Executive Summary

The first project developed a fibre amplifier which amplified a narrow linewidth 1651nm DFB diode
laser from 10mW to over 2W. This was integrated into a prototype module with all of the electronics
and software required for remote, single-end, tuneable diode laser spectroscopy of methane. The
finished system had a realised sensitivity of 100ppm.m methane above background at 100m, and a

predicted final sensitivity of 100ppm.m at 200m.

The fibre amplifier system consisted of a 1651nm Raman fibre amplifier pumped by a 1540nm Er-Yb
doped fibre amplifier. The Raman amplifier (frequency shifter) was required because the wavelength
range around 1650nm is not accessible with rare earth doped fibre amplifiers. The fibre amplifier
needed to have a high output power and a narrow linewidth for high sensitivity spectroscopy. These
two properties are incompatible in fibre amplifiers because high power densities induce detrimental
nonlinear effects like stimulated Brillouin scattering (SBS) and the threshold power for SBS decreases

for narrow linewidths.

Stimulated Brillouin scattering depletes the gain available for Raman scattering and also affects the
gain dynamics of the amplifier, distorting any modulation applied to the DFB for methane sensing.
Therefore, an important part of this work centred on controlling nonlinearities: suppressing Brillouin

scattering and optimising Raman amplification.



The second project developed a fibre-in beam-out Faraday isolator for use at the output end of high
power fibre amplifiers. Faraday isolators prevent light from travelling in the reverse direction and re-
entering the fibre where it can destabilise the laser output and in some cases damage pump and seed
diodes. Isolators are becoming increasingly important as amplifier powers increase and applications

become more demanding.

The fibre isolator provided >30dB isolation in the region of 1060nm and maintained this isolation up
to at least 60W. The isolator included compensation for thermal stress induced depolarisation and
thermal lensing. These effects are caused by absorption heating in the terbium gallium garnet (TGG)

Faraday rotator in the isolator.

Thermal lensing is caused predominantly by absorption heating in the TGG which creates temperature
and refractive index gradients and cause lensing in much the same way as a graded index lens. To
compensate for thermal lensing a piece of DKDP was introduced into the isolator. Around room
temperature the refractive index dispersion of DKDP is opposite to TGG. So, by setting up the same
temperature profile in the TGG and DKDP we could effectively compensate for path length changes
in the TGG with the opposite changes in the DKDP. The thermal lensing of the isolator was
effectively reduced from 9 Rayleigh lengths per kW to below 2 Rayleigh lengths per kW.

1.3 Thesis Structure

The remaining 10 chapters of this dissertation are divided equally between the two projects. Chapters
2 to 6 describe the development of the Raman amplifier system for methane gas sensing and chapters

7 to 11 describe the development of the Faraday isolator.

Chapter 2 introduces the Raman amplifier methane sensing project. This chapter describes the reason

for undertaking the project and lists the objectives that the development aimed to meet.

Chapter 3 describes the theory behind the operation of the amplifier system and the method of

methane sensing using tuneable diode laser spectroscopy and wavelength modulation spectroscopy.

Chapter 4 describes the modelling of Er-Yb and Raman fibre amplifiers. It also shows schematically
the layout of our amplifier system and examines the performance of the final amplifier system that

was constructed.

Chapter 5 describes the integration of the amplifier system into a stand alone prototype unit capable
of remote, single-end detection of methane. The chapter finishes with an analysis of the laboratory

characterisation and field trials that the system underwent.



Chapter 6 concludes the project, summarises the main results and discusses improvements which

could be made to the system and possible extensions to the project.

Chapter 7 introduces the Faraday isolator project, discussing the need for a Faraday isolator for fibre

amplifiers and the specifications that the isolator should meet.

Chapter 8 describes the theory of Faraday isolators and the problems they face going to higher
powers. This chapter includes some detailed discussion on thermal stress induced birefringence and

thermal lensing.

Chapter 9 describes the theoretical analysis of thermal lensing and examines the literature around

thermal lens measurement methods. It also examines thermal lens compensation methods.

Chapter 10 describes the construction of the isolator from both mechanical and optical perspectives.

It also reports the results of characterisation of the finished device.

Chapter 11 concludes the isolator project and discusses improvements which could have been made

to the system and possible extensions to the project for the future.
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Chapter 2 - Introduction to the Development of a Long-Range Open-Path

Methane Sensor

This Chapter introduces the project to develop a long-range open-path methane sensor using fibre
optic amplifiers and tuneable diode laser spectroscopy. This project was carried out in collaboration
between Gooch and Housego Plc, Evanesco Ltd, Optosci Ltd and Strathclyde University with funding
from the Department for Trade and Industry (DTI).

Chapter structure:

e Section 2.1 — Introduction — Describes the background to the project and places the
need for a long range methane sensor into context.

e  Section 2.2 — Qutline of Proposed System — Describes how we propose to address the
problem identified in section 2.1.

e Section 2.3 — Objectives — Details the specific objectives of the project.

e Section 2.4 — Overview of following chapters

2.1 Introduction

Natural gas is an important and valuable energy resource which is transmitted over vast distances via
high pressure pipelines. The main constituent of natural gas is methane (CH,), which is highly
combustible and explosive in the correct mixture with air. It is also a greenhouse gas twenty-five
times more potent than carbon dioxide [2.1]. The integrity of natural gas pipelines therefore raises
both severe safety and environmental concerns. Consequently, a need exists for simple, fast and

effective monitoring of these pipelines.

The traditional tool used to monitor natural gas pipelines has been the pellistor. Pellistors measure the
concentration of methane in a gas by oxidising a sample with a catalyst and measuring the amount of
heat produced through a resistance change in a conducting platinum wire. Pellistors are highly
sensitive devices and are available at low cost, but are vulnerable to catalyst poisoning and signal
drift, so they require regular calibration [2.2]. They are also point sensors and need to be in the gas of
interest to measure it. This makes their use in a mobile application demanding and increases the risk to

the operator.

Recently, optical sensors that use tuneable diode laser spectroscopy (TDLS) have become available.
These sensors have excellent sensitivity, selectivity and very fast response times, allowing the
smallest leaks to be detected without producing false positives. They are also immune to poisoning

and, in a well setup system, require very little maintenance or calibration. Most significantly for the



application of pipeline monitoring is that optical sensors can be operated as an open-path, single end
system, allowing the possibility of remote detection and vehicle mounting [2.3]. This could increase
the efficiency of pipeline inspection and result in better safety and cost savings by reducing man hours

and product loss.

The state-of-the-art open-path, single-end TDLS methane sensors have a range limited to around 10m
[2.3-2.5]. This is primarily due to the availability and limitations of laser sources, amplifiers and

detectors in the correct wavelength ranges.

The aim of this project was to develop a suitable high power laser source to allow the range of these
systems to be extended to greater than 100m. This would open up the possibility of a new type of
sensor capable of operation from a plane or helicopter. The laser source was to be based on a series of

fibre amplifiers and implemented in a stand alone gas sensing system.

2.2 Outline of Proposed System

To extend the range of a TDLS methane sensor to greater than 100m we estimated that a source,
targeting one of the strongest near-IR lines at 1650.95nm, would require a power of around 1W. The
basis of this assumption is explained in chapter 3. It would also need a narrow linewidth and be

continuously tuneable over the gas line.

Distributed feedback lasers are ideal for TDLS because they have narrow linewidths (several MHz)
and can be tuned rapidly over a wavelength range of several nanometres by modulating their injection
current or temperature. DFB lasers are readily available at 1651nm, however their power is currently
limited to around 10mW. The normal solution to increase power would be to use an external optical
amplifier. Unfortunately, 165 1nm is outside of the gain bandwidth of any of the “conventional” gain
materials. The closest optical fibre amplifiers to this wavelength use erbium as the active dopant and

can produce gain from 1520nm to 1620nm.

Raman amplifiers use stimulated Raman scattering (SRS), a nonlinear form of Raman scattering, to
amplify light. In SRS a low frequency signal photon induces the inelastic scattering of a higher
frequency pump photon, producing two signal photons and passing the excess energy to a vibrational
state in the medium. In effect the SRS process acts as a frequency shifter, transferring energy from the
pump to the signal wavelength. In Silica optical fibre the peak of this frequency shift is around

13.2THz, which corresponds to around 110nm at 1550nm.

In this project we propose to develop a Raman fibre amplifier pumped by the output of an erbium

doped fibre amplifier to amplify a 1651nm DFB laser to over IW. A possible layout for the system is



shown in figure 2.1. The Raman amplifier consists of a long length of optical fibre pumped by the
output of an erbium doped fibre amplifier. The Raman amplifier is seeded with a 1651nm DFB laser
to be amplified. The optical fibre in a Raman amplifier can in theory be any type of fibre, however a
small core diameter and the addition of certain dopants, like Germanium, can increase the Raman

gain.

The length of fibre required for efficient Raman amplification in a single pass amplifier ranges from
hundreds of meters to several kilometres. This long length of fibre increases the interaction length for
nonlinear effects, enhancing both Raman amplification and other competing nonlinear effects like
stimulated Brillouin scattering (SBS). In Brillouin scattering a photon inelastically scatters from an
acoustic phonon and loses energy. At high power densities scattered photons can induce the scattering
of further photons and the effect becomes nonlinear, just like SRS. In optical fibres the frequency shift
from SBS is very small compared to the Raman shift, on the order of several MHz. Also in optical
fibres, because of momentum conservation, the Brillouin scattered photon travels in the opposite
direction to the incident photon. This is very problematic for fibre amplifiers because any light which

enters the fibre above the SBS threshold is sent back towards the pump laser and seed diodes.

SBS has a very narrow bandwidth and is especially problematic for narrow linewidth lasers as
required for our methane sensor. The threshold power for SBS for a narrow linewidth laser is much
lower than the threshold power for SRS. As part of the Raman amplifier development, methods to

suppress Brillouin scattering needed investigating.

1530-1550nm Long Length
Er Doped Fibre of Optical
- 1651nm
Amplifier Fibre
Output
1651nm
DFB
Laser

Figure 2.1: Simplified schematic of the proposed 1651nm Raman amplifier.

Following development of the Raman amplifier the intention was to integrate it with all the optics and
electronics required for remote, single end tuneable diode laser spectroscopy. Then build it into a
demonstration unit for laboratory and field trial testing. A simple plan for the setup is shown in figure
2.2. The output of the fibre amplifier is collimated and transmitted along an open path. It is then

reflected off a surface and the backscattered light is collected by the receiving optics. The difference



in received power as the lasers wavelength is scanned across a methane absorption line is then used to

determine the concentration of gas in the lasers path.

Methane \
Send and Gas “\

Target
Receive o ———————— — Surface
Optics /
I
Raman
Amplifier
System

Figure 2.2: Open path, single end TDLS setup using Raman Amplifier system.

2.3 Objectives

The objectives of this project can be broken down into three distinct parts:

1) To design and construct a Raman amplifier to amplify a 1651nm DFB laser to greater than
1W.

2) To integrate the fibre amplifier system with a complete set of control and detection
electronics for tuneable diode laser spectroscopy.

3) To demonstrate methane detection in laboratory and field trials with the completed system
and benchmark its performance against the lower power TDLS methane sensors currently

available.

2.4 Breakdown of following chapters

The rest of this project is discussed in chapters 3 to 6 of this thesis.

Chapter 3 describes the theory of tunable diode laser spectroscopy and will look in detail at two of
the most common implementations, direct detection and wavelength modulation spectroscopy. The
direct detection is the simplest form of TDLS but suffers from limited sensitivity. Wavelength
modulation spectroscopy uses phase sensitive detection to increase the sensitivity, but as a result the

setup is more complicated and the returned signals more difficult to analyse.



Chapter 3 will also describe the theory of stimulated Raman amplification and Brillouin scattering and
will review the literature and analyse the different methods of suppressing SBS in fibre amplifiers

without affecting Raman amplification.

Chapter 4 describes the theory of high power erbium-ytterbium fibre amplifiers and how their
performance can be modelled to inform design choice. It also examines an extended model for SRS
which aims to include the effects of SBS. The chapter then describes in detail the design of our final

fibre amplifier system and the results we obtained — almost 2W at 1651nm.

Chapter 5 describes how the amplifier system was integrated into the final open path methane sensor.

It also describes the results of laboratory and field trials made with the system.

Chapter 6 forms a conclusion for the project and discusses any improvements which could be made

to the system.
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Chapter 3 - Theory

This chapter describes the theory of tuneable diode laser spectroscopy and Raman amplification
required to form a basic understanding of the Raman amplifier methane sensor. It also reviews the

literature and analyses any systems which have been reported which closely match this one.

Chapter structure:

e Section 3.1 - Tunable Diode Laser Spectroscopy (TDLS) - Describes the background,
theory and implementation of tuneable diode laser spectroscopy.

e Section 3.2 - Methane Spectroscopy and State-of-the-Art TDLS Detectors -
Describes the spectroscopy of methane and reviews the state-of-the-art methane sensors
reported in the literature.

e Section 3.3 - Choice of Laser Source for the Long Range Methane Sensor - Analyses
the required power and attributes of a laser source for our long range methane sensor.

¢ Section 3.4 — Raman Amplification - Describes the theory of Raman amplification.

e Section 3.5 — Brillouin Scattering - Describes stimulated Brillouin scattering.

¢ Section 3.6 — SBS Suppression - Discusses and analyses methods for suppressing SBS.

e Section 3.7 - High Power Narrow Linewidth Raman Amplifiers - Discusses the state-
of-the-art in narrow linewidth, high power Raman amplifiers.

e Section 3.8 - Summary.

3.1 Tunable Diode Laser Spectroscopy (TDLS)

Tunable diode laser spectroscopy (TDLS) is a trace gas analysis technique that can be used to measure
the concentration, pressure and temperature of a gas. TDLS uses narrow linewidth lasers to interrogate
a single molecular absorption in a gas of interest. C. B. Moore [3.1] proposed this idea in 1965 in a
paper describing how he used CH, to suppress lasing on the fundamental emission line of a Helium
Neon laser. In this paper Moore explained how a coincidental overlap between the lasing line at
2947.90 cm™ (3.3913 um in air) and a molecular absorption in methane could be used to increase
cavity loss at this wavelength and allow lasing on the lower gain line at 2948.79 cm™ (3.3903 um in

air). Gerritsen (and later Grant) used these lines to demonstrate methane spectroscopy [3.2, 3.3].

The use of fixed wavelength lasers available at that time greatly limited the application of laser
spectroscopy, as it limited the molecules and molecular transitions that could be targeted. TDLS only
really took off after the development of diode lasers (hence the name). Diode lasers form an ideal
source for TDLS because they can be manufactured with a wide range of wavelengths (dependent on

the semiconductor structure). They can also have very narrow linewidths and can be tuned
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continuously over relatively large wavelength ranges by changing the operating current or

temperature.

TDLS uses the transmission of light through a sample to determine the concentration of selected
species in the sample. Transmission and concentration are directly related through the Beer-Lambert
law, which states that there is a logarithmic dependence between the transmission (7) of light through

a sample and the product of the absorption coefficient (a) and the path length (/):

=e 3.1

where [ is the transmitted intensity and I is the incident intensity. The absorption coefficient can be
broken down further to the product of the absorption cross-section (¢) and the number density of
absorbing particles (N). The absorption coefficient is given in units of cm™; the absorption cross

. 2 . 3 . . 2
section cm”; number density cm™; and intensity Wm™.

Dividing the number density of absorbing particles by the number of molecules/atoms in a mole gives
the molar concentration (C) in moles/cm’. This may be preferable to N for some applications. The

number of molecules in a mole is given by Avogadro’s number (N,) and equals 6.022x10%.

In equation 3.1 variables «and o are functions of wavelength. If they are known for a sample at the
measurement wavelength, then the concentration can be calculated simply from a measurement of the
transmission of light through the sample and the path length. The absorption cross sections of
molecular transitions in common gases at important wavelengths are well documented, and are

available from databases like HITRAN [3.4].

In an open path TDLS setup, as described in chapter 2, the path length through the gas sample and the
total path length are not fixed. This makes absolute concentration measurements impossible without
further topographic information. As such the measurement made is of the path length integrated
concentration (NI in equation 3.1) usually given as ppm-m. It is worth noting that two gas plumes
with different concentrations may have the same ppm-m depending on the path length of the laser
through the plume; i.e. a 2m path through a 100ppm gas plume is equivalent to a 1m path through a
200ppm gas plume.

The following subsections describe two different methods of conducting tuneable diode laser

spectroscopy. The first method (section 3.2.1) tuneable diode laser spectroscopy with direct detection

(TDLS-DD) uses the simplest setup. The drawback is limited sensitivity. The second method (section
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3.2.2) tuneable diode laser spectroscopy with wavelength modulation spectroscopy (TDLS-WMS) has

much improved sensitivity at the expense of a more complex setup and signal processing.

3.1.1 Tuneable Diode Laser Spectroscopy with Direct Detection (TDLS-DD)

Tuneable diode laser spectroscopy with direct detection (TDLS-DD) is the simplest form of TDLS. In
TDLS-DD the frequency of a narrow linewidth laser is repeatedly swept over a single molecular
absorption line at a low sweep frequency (5-10Hz) as the power transmitted through a gas sample is
measured. The result is essentially a trace of the absorption line as shown in figure 3.1. The samples
concentration, pressure and temperature are then recovered from the shape and strength of the

absorption line profile.

At atmospheric temperatures and pressures where pressure broadening dominates, the absorption line

profile can be described by a Lorentzian [3.5]

(3.2)
where o (Vv-V,) is the line shape function, V; is the frequency at line centre, oy is the absorption cross

section at line centre and 7y is the full width at half maximum (FWHM) linewidth. The FWHM

linewidth varies with temperature (7) and pressure (P) according to [3.6]:

_ z(&f .
V=% P T (3.3)

where 7, is the FWHM linewidth at standard temperature and pressure Py = latm and T,=300K.
Analysis of the line profile and the Beer-Lambert law show that the concentration can be calculated

most accurately from the transmission at line centre (V=) [3.10]. It also shows that temperature and

pressure measurements can be extracted from measurements of the FWHM linewidth.

12



Transmission
F Y

Laser A
slow stan through absorption line Absolute Transmission trace

using direct detection

s

Figure 3.1: Illustration of the principal of tuneable diode laser spectroscopy with direct detection [3.6]

A system diagram for a TDLS-DD setup is shown in figure 3.2. In this setup a signal generator is used
to scan the laser wavelength through an absorption line. The laser is then transmitted through a sample
to a detector and recorded. In a remote, single end, setup the laser is reflected and scattered from a

target to the detector.

Since the intensity of a diode laser also changes with the drive current it is usual to normalise the
measurement. To do this a reference beam can be taken off the transmitted beam and sent to a receiver
without passing through an absorbing sample. This reference beam will contain the amplitude
modulation from the diode laser but not the amplitude modulation from absorption in the gas sample.
Dividing the gas signal by the reference signal then effectively removes the intensity variation of the

diode laser.

In a remote TDLS setup, losses in the transmission path independent of gas absorption will also
change continuously because the path length and target surfaces are not fixed. A ratio of the
transmitted and reference beam powers off the absorption line can then be used to calibrate the

measurement against changing losses in the transmission path.

In TDLS-DD the sensitivity is limited by the ability to detect a small change in a large signal which is

swamped by 1/f and random laser noise. If we assume that absorption in the sample is small so that

ONI <<1 then simplification of the Beer-Lambert law (equation 2.1) shows that the concentration in

a TDLS experiment is given by

0 (3.4)
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where Al = I — I is the absorbed power. This has to be greater than the intensity of noise I, to be

measurable and so we have a condition set on the minimum detectable concentration [3.7]

N > Inmlve
I, ol (3.5)

Thus, to increase the sensitivity we can increase the path length; increase the incident laser intensity;

choose an absorption line with a larger absorption cross section or decrease the noise intensity.

In the next section Wavelength Modulation Spectroscopy is explained. This is an extension to the
TDLS technique that uses phase sensitive detection to effectively decrease the noise intensity in a

measurement and substantially increases sensitivity.

Signal Gas Sample Detector
DFB

\ 4

Generator

(Gas signal)
Detector

\K" """"""""""" »|  (Reference)

Figure 3.2: System diagram of a typical setup for TDLS-DD.

3.1.2  Tuneable Diode Laser Spectroscopy with Wavelength Modulation Spectroscopy
(TDLS-WMS)

Tuneable diode laser spectroscopy with wavelength modulation spectroscopy (TDLS-WMS) is one of
a group of techniques that rely on frequency/wavelength modulation of the laser source and
narrowband detection to improve the sensitivity of TDLS. TDLS-WMS is reviewed widely in the
literature [2.11-2.16].

In TDLS-WMS a small amplitude sinusoidal modulation of frequency ®,, is applied to the laser in

addition to the ramp signal. This causes the lasers instantaneous output frequency V(z)to vary as

v(t) =17+mcos(a)mt) (3.6)
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where V is the mean frequency of the laser and m is the modulation index given by

/4 (3.7)

where 0V is the maximum frequency deviation about the lasers central wavelength and v is the FWHM

absorption linewidth.

In the gas sample this frequency modulation (FM) is converted into an amplitude modulation (AM) by
absorption. This amplitude modulation is detectable with a photodiode and contains components at the
modulation frequency and its harmonics n®,, (n=1, 2, 3...). The amplitudes of harmonic components

can be measured individually with a lock in amplifier. If m<<1 then the amplitudes of these harmonic

components A,(V,) are given by (derivation appendix A3.1) [3.8]

1,2'NL ,d"d]
n! dv"

AV,)= (3.8)

The amplitudes of these harmonic components are proportional to the concentration of gas N; the path
length through the gas sample L; the n™ power of the modulation index and the n" derivative of the
absorption cross-section G (lineshape). These are recorded as the mean frequency of the laser is swept
over the absorption line, producing traces resembling the differentials of the lineshape. As shown in

figure 3.3 for first harmonic detection.

A Lorentzian lineshape and the shape of its 1%, 2" and 3" derivatives are shown in figure 3.4, with the
position of features in the derivatives, relative to the FWHM linewidth. In a gas sensing
measurement, detection of the 1%, 2" and 3™ harmonics are often referred to as 1f, 2f and 3f detection.
As you can see in figure 3.4 the 1f and 3f signals have a zero crossing at the absorption line centre,
whereas the 2f has a maximum at this point. The gas concentration can be measured from the
amplitude of these signals. In low modulation index measurements the maxima and crossing points
have a simple relationship to the FWHM linewidth and from these the temperature and pressure of the

sample can be calculated.

However, in practice small modulation indices do not maximise the amplitudes of the harmonics and
limit the sensitivity of the TDLS-WMS technique. Reid and Labrie [3.9] and Silver [3.10] both show
that the optimum modulation index for second harmonic detection of a Lorentzian lineshape is at

m=2.2. At this modulation index equation 3.8 does not hold closely and the harmonic components
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deviate from the derivative. More detailed analysis is then required to theoretically describe the shape

of the signals recorded and to accurately retrieve the concentration, temperature and pressure.

& Ao

:

Figure 3.3: Illustration of the principal of tuneable diode laser spectroscopy with wavelength
modulation spectroscopy. As the wavelength of the laser @y is scanned across a gas absorption line
the wavelength modulation is converted to an amplitude modulation Aa (AM). Over a complete scan

of the absorption profile this builds up a trace of the line derivative. [3.7]
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Figure 3.4 Lorentzian line profile (a) with first (b), second (c) and third (d) derivatives [3.7].
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The main advantage of using TDLS-WMS over TDLS-DD is that the modulation moves the detection
to a higher frequency where sources of noise, such as laser intensity fluctuations and 1/f noise, are
dramatically reduced. The use of a lock in amplifier (phase sensitive detection) also greatly reduces

the detection bandwidth to effectively filter noise.

Noise sources remaining in the TDLS signal are often referred to a residual amplitude modulation
(RAM). The largest contributor to RAM is the amplitude modulation (AM) of the laser caused by the
frequency dither itself; since the intensity and wavelength of the laser are both dependent on the drive
current, just as in TDLS-DD. If the AM response of the laser was entirely linear with current then it
would have contributions only at ®,, and would only be detectable in the 1f output of the lock-in
amplifer, where it is seen as a high background on the first derivative signal. Luckily this is (mostly)
the case and explains why 2f detection is often preferred over 1f as RAM is largely eliminated. In
theory higher harmonics have even smaller RAM contributions but also have smaller amplitudes due

to dependence on n! as shown in equation 3.8.

As with TDLS-DD, the system losses and RAM in a remote setup are going to change continuously
depending on the movement of the system and the position of the scattering target. A method to
normalise the measurement is therefore required to compensate for this. This can be achieved in

several ways

1) By separating off a reference beam, just like in TDLS-DD, and normalising to this.

2) By taking the ratio of the 1f and 2f signals. This requires a much simpler optical setup and
works well for optically thin samples where the 1f signal is dominated by RAM.

3) By normalising each signal against a RAM measurement made at a wavelength away from

the gas line.

An intuitive derivation of the signals produced in TDLS-WMS in the low absorption, small
modulation index regime that takes account of the intensity modulation (RAM) that is imposed on the
diode laser was given by Kevin Duffin et. al. [3.11] (repeated in appendix A3.2). In this analysis, it is
shown how a phase difference between the RAM and gas sensing signal can be used to isolate the
RAM signal and yield the absolute gas transmission function — just like in TDLS-DD. In the absence

of RAM (ideal modulation) the results are equivalent to equation 3.8.

A system diagram for a TDLS-WMS setup can be seen in figure 3.5. In this setup a signal generator
applies a low frequency ramp and a higher frequency dither to the diode laser. This varies the output
centre wavelength of the laser which is transmitted through a gas sample to the detector. A lock in
amplifier then demodulates the detected signal at the dither frequency or an harmonic thereof. The

lock in amplifier output is recorded as the laser wavelength is swept through the gas line.
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Figure 3.5: System diagram of a typical setup for TDLS-WMS.

3.2 Methane Spectroscopy and State-of-the-Art TDLS Detectors

A methane absorption spectrum taken from 0.1um to 10um is shown in figure 3.6. This shows that
methane has its strongest absorption lines (due to fundamental vibrations) in the mid-IR region around
3.3um. Hence many optical gas detectors have been developed in this wavelength range [3.12-3.15].
The disadvantage of these mid-IR wavelengths is that they are difficult to access; requiring complex
laser sources like cryogenically cooled lead-salt lasers, optical parametric oscillators and quantum
cascade lasers. Also, detectors at these wavelengths are expensive and complex, requiring cryogenic
cooling before they approach the sensitivity and responsiveness of near infrared detectors [3.16].
Another disadvantage of using a mid-IR system is that fused silica optical fibres are not transparent in
the mid-IR region. This greatly reduces the different possible methods for the delivery and collection

of the signal light.

Tan Armstrong et. al. [3.14] at Strathclyde University have recently demonstrated methane detection
using a mid-IR source obtained by difference frequency generation in periodically poled Lithium
Niobate (PPLN). The mixing sources were a 1063.5nm fibre Bragg grating stabilised diode laser and a
1547nm DFB laser, producing a difference frequency around 3403nm. Using a Mercury Cadmium
Telluride detector TEC cooled to -50°C they demonstrated direct, 1f and 2f spectroscopy of methane.

Modulation was applied directly to the 1547nm DFB laser.

Lindsay et. al. [3.15] at the University of Twente demonstrated mid-IR wavelength modulation
spectroscopy and frequency modulation spectroscopy using a singly resonant OPO. The OPO was
pumped by a fibre amplified 1063nm diode laser and produced up to 900mW at the idler wavelength
between 3.15um and 3.80pum. Wavelength modulation was achieved by modulating the pump diode

directly. A (HgCd)Te photoconductive detector was used to detect the transmitted signal.
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Figure 3.6: Methane absorption spectrum from a) 1um to 4.5um and b) close up of 1651nm.

As you can see from the two examples of mid-IR systems above the laser sources and detectors are
clearly complex and costly. However, as technology improves these disadvantages should narrow.
Recently, several research groups have reported on the production of quantum cascade diode lasers
with wavelengths around 3.3um [3.54]. These are similar in design and manufacture to regular diode
lasers, except with more complex structure, and rely on intra-band transitions to produce light. If these

become commercially viable then they could represent a large step forward for mid-IR TDLS sensors.

The first overtone absorption lines of methane are much more conveniently situated in the near-IR
around the 1.6um spectral region. These overtone lines are 2 to 3 orders of magnitude weaker than the
fundamental lines around 3.3um. Nevertheless these overtone absorption lines are still attractive for
TDLS because the region is easily accessible by high quality laser sources and detectors, including
distributed feedback (DFB) lasers and InGaAs detectors, developed widely for their use in
telecommunications. This wavelength region is also compatible with transmission by silica optical
fibre which opens up many possible design options. For these reasons many more near-IR TDLS

systems have been produced than mid-IR systems and they are quickly finding their way into
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industrial applications like process control, facility monitoring and pipeline inspection [3.5, 3.17-
3.21].

Several of these TDLS systems are of relevance to this project and will be discussed in the following

subsections.

e Section 3.3.1 discusses short range (<15m) open-path remote methane sensors. Examining
the laser powers that they send and receive; the sensitivity they achieve and the detection
methods and configurations they use.

e Section 3.3.2 looks at the literature for long range methane sensors. Examining the amplifier
systems and the collection optics that they use and the sensitivities and ranges they have

achieved.

3.2.1 Short Range TDLS Methane Sensors

Ben van Well et. al. [3.17] demonstrated a remote, hand-held methane detector in 2004. This used a
directly modulated 8mW 1651nm InGaAs laser diode as the source and a 150mm Fresnel lens to
collect backscattered light onto an InGaAs photodetector. They found that this arrangement collected
backscattered signals of between 10 and 100nW off various common targets at ranges of 4-5m. They
used a methane-filled reference cell with feedback circuitry to maintain the laser diode wavelength at
the peak of the methane transition. The backscattered light was demodulated at both 1f and 2f and the
signals divided to give a measurement of the gas concentration normalised with respect to the varying
system losses. Their work culminated in the production and field-testing of several packaged

demonstration units. They achieved a detection limit of better than 10ppm.m at 5m.

Takaya Iseki et. al. [3.18] demonstrated a similar hand held methane sensor. This system also used a
reference gas cell to lock the lasers central wavelength to the absorption line centre and used the 2{/1f
ratio as a normalised gas concentration signal. Their source was an 8.2mW 1651nm DFB laser and
they used a 120mm Fresnel lens and a cone concentrator to increase the collection efficiency onto an
InGaAs photodiode. The system had a sensitivity of 450ppb.m (with an SNR of 1) at 6m off a
magnesium oxide target with a LIA time constant of 100ms. They also looked at the angular
reflectance of various “real” targets, like wood, asphalt and tile, and found that even the most specular
reflectors produced adequate diffuse reflection to allow detection at large angles. This device was
commercialised by Tokyo Gas Co, Ltd with the name Lasermethane. The claimed sensitivity of the

commercialised device is 100ppm.m at 30m [3.19].

Mickey Frish et. al. [3.20] also produced a hand held methane sensor using a 10mW 1651nm DFB

laser and a 100mm Fresnel collection lens. This was commercialised by Physical Science inc, and
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Heath consultants into the Remote Methane Leak Detector (RMLD) [3.21]. The data sheets claim a
sensitivity of Sppm.m at distances up to 15m and 10ppm.m up to 30m. However, these numbers are
not consistent with a squared distance scaling law as would be expected for an evenly distributed
backscatter. This suggests that they may have used topographic targets with a large specular reflection

aligned with the receiver whilst making measurements.

The three systems described above have very different reported detection limits, even though the
specification of the detectors and lasers are similar. This could be a result of different lock-in
amplifier settings and signal averaging which are not stated in the papers. It could also be the result of
the different target surfaces used when making the measurements. The highest sensitivities could be
an artefact of optimising the alignment of source and detector with a large specular back reflection.
This makes comparison of the systems found in the literature with our system very difficult (and
possibly misleading). As we will see in section 3.3 it also makes it very difficult to specify the output

power we require of a source prior to building and testing the system.

3.2.2 Long Range TDLS Methane Sensors

According to equation 3.4 after decreasing the noise intensity using WMS, the only other ways to

improve the limit of detection (and hence the range) of an open-path methane sensor are to:

1. Increase the power of the source;
2. Decrease non-absorption losses in the beam path;

3. Choose an absorption line with a larger absorption cross section.

In an open-path TDLS setup decreasing non absorption losses is equivalent to improving the
efficiency of backscattered light collection. Mickey Frish et al. [3.22] showed this by replacing the
standard 10cm Fresnel lens on the handheld RMLD unit with a 25cm modified telescope. By doing
this they claim to have increased the detection range to 200m with a sensitivity of 100ppm.m — a
sensitivity and range suitable for aerial pipeline inspection. This is interesting for our project as it
essentially achieves greater than our target distance and sensitivity using a 10mW DFB laser without

using an amplifier.

However, the sensitivity and output powers do not correspond to the powers and detection limits of
the other systems identified or with prior experience of methane sensing. Perhaps they use more
extensive averaging and a long lock-in amplifier time constant. This will increase the sensitivity of the
system at the expense of measurement time, which would be critical in a mobile application. They
could also be using topographic targets with large specular back reflection. This was suspected earlier

because the claimed sensitivities of the RMLD did not scale according to a square distance law.
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In an extension of this work [3.23] they also developed a TDLS system which used an EDFA to
amplify a diode laser targeting a methane absorption line at 1618nm. The choice of line was
determined by the gain bandwidth of the EDFA. The 1618nm line is over two orders of magnitude
weaker than the usually targeted 1651nm line. The DFB was amplified to over 5W using a specially
designed long wavelength EDFA from Keyopsis. Using a 25mm diameter Telescope as the collection
lens, they estimate a sensitivity of ~5000ppm.m at 2000m. This would be suitable for finding

relatively large leaks.

They found that the distance-power relationship for this system did not hold between the unamplified
and amplified systems because the temporal gain characteristics of the EDFA interacted with the laser
modulation to distort the TDLS wavelength modulation as shown in figure 3.7. This significantly

degraded the TDLS signal and limited the system sensitivity.

20 Hz 500 Hz 5 kHz 50 kHz

T T T T T T T T

Figure 3.7: Oscilloscope traces of detected signal from seed laser (black) and EDFA output (red) at

various modulation frequencies [3.23].

In 2001 P. Vujkovic-Cvijin et. al. [3.24] at SRI International used an EDFA pumped Raman amplifier
to increase the power of a 1651nm DFB laser from SmW to 100mW for use in a TDLS methane
sensor, in what appears to be a very similar approach to the one proposed in this project. However,
they never released any results on the performance of this source in methane sensing. Their
unamplified TDLS sensor had a detection limit of 18ppm.m at a target distance of 12m, so by
extrapolation, if the system obeys a square distance rule, the amplified version would provide the
same sensitivity over about 50m. If the detection limit is decreased to 100ppm.m (a factor of ~5) then
the range should be extendable to greater than 100m, assuming that the detection limit scales linearly
with received power). Their receiver consisted of a 175mm reflective telescope and a fast InGaAs

avalanche photodetector.
The extrapolated performance of these systems suggest that we only require between 10 and 100mW

at 1651nm to reach our target range and sensitivity of 100ppm.m at 100m. However, this seems quite

low from our experience. In the next section the performance of the systems identified in the last
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couple of sections will be analysed to better estimate the output power required from our amplifier to

achieve a range of 100m.

3.3 Choice of Laser Source for the Long Range Methane Sensor

Using details from the systems described in section 3.2, it should be possible to gauge the power of a
1651nm source required to produce a methane detector with a range of 100-200m - a suitable distance
for aerial pipeline inspection and sensitivity. In an open path methane sensor if the backscatter from
the target is distributed evenly over a half hemisphere it is reasonable to assume that the power at the

receiver P, scales as

Aml Rdif nopt
P rec [T Prrans

3.9)

where A is the area of the collection optics, R is the differential reflectance of the target, n, is the

optical efficiency, R is the range and Py, is the transmitted power.

It would be desirable for the aerial system to be able to distinguish leaks of 100ppm.m above ambient.
This is near the sensitivity achieved by the hand held sensors reported in section 2.3.1 and is sufficient
to detect all but the smallest pipeline leaks. The system produced by Ben van Well et. al. [2.23] was
reported to have a sensitivity of 10ppm.m at a distance of up to 5Sm using an 8mW DFB laser and a
150mm diameter Fresnel collection lens. They also reported received powers in the range of 10-
100nW from a range of surfaces. Assuming we use the same diameter collection optics with the same
optical efficiencies, then for the same sensitivity at 100m we would need a transmit power of 3-8W.
They also showed that sensitivity scales linearly with the inverse of received power. Thus, for a

detection limit of 100ppm.m we would require 0.3-0.8W.

However, this estimate is probably on the low side for our system because they use a long time
constant of between 10ms and 300ms for phase sensitive detection. This would increase their
sensitivity considerably but would be unsuitable for a system being flown from an aircraft. The time
constant would need to be considerably smaller in order to produce a reasonable number of data points
over the gas line. Flying at 50ms™ and sampling the methane concentration above the pipeline at 1m
intervals with 10 points sweeping across the pipeline, to build up a topographic picture of methane
location, would require a lock in amplifier to produce data points at S00Hz. This would limit the
maximum time constant to 2ms; or less with additional processing requirements. This increases the
detection bandwidth of the lock in amplifier, increases the noise and lowers the sensitivity of the

sensor over the system described above. To compensate for this even more laser power is required.
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This analysis suggests that to achieve a sensitivity of 100ppm.m over a range of 100m with a 150mm
Fresnel lens targeting the absorption line at 1651nm, we would need a laser source with an output
power of between 0.5-1W. This could be reduced by using larger area collection optic. According to
equation 3.8 using a 300mm lens would give four times the collection area. So the same received

power would be achieved with between 0.125-0.25W.

Using the sensitivities and distances quoted for the RMLD in the datasheet [3.22] then the power
would be ~100mW for 10ppm.m detection at 100m using a 150mm lens and a 100ms time constant.
However, as was noted in section 2.3.1 these measurements seem optimistic and raise questions about
the type of targets and signal averaging used. These measurements are consistent with their long range
measurements [2.28], which say that they achieved a detection limit of <200ppm.m at 200m using a
250mm telescope and a 10mW laser. Accordingly, a 10mW laser with a 250mm collector should be

able to reach our required sensitivity and range of 100ppm.m at 100m [3.23].

Unfortunately, the analysis in this section has not provided much insight into the power required to
reach our target sensitivity. It has simply pointed out the inconsistencies in the literature regarding
output powers and TDLS sensitivity. These inconsistencies are probably down to the phase sensitive
detection time constants, averaging and topographic targets used to make the measurements and as
mentioned earlier are not easily analysable without further information. For the purpose of our system

a conservative estimate of 1W should be ample to achieve the range and sensitivity that we require.

Aside from power a laser source for TDLS should also operate on a single longitudinal mode and have
a narrow linewidth compared to the width of the absorption line. It should also have a continuously
tuneable wavelength over a large enough range to sweep at least one absorption line, more if absolute
characterisation and wavelength referencing is required. It should also be easily modulated at a high
frequency and, for simplicity, ideally without the need for an external modulator. An ideal laser (not

seen in practice) would have no intensity modulation accompanying the wavelength modulation.

Distributed Feedback (DFB) diode lasers fit these ideals very well and so make excellent candidates
for TDLS. These are diode lasers formed with periodic structures which form diffraction gratings
providing feedback for only a single longitudinal mode. Developed in the near-IR for DWDM
telecommunications they generally have linewidths of several MHz (compared to gas linewidths of
several GHz in the near-IR), output powers of several milliwatts and operate at near-room
temperature. They can be tuned continuously over a large wavelength range by temperature tuning
and their output frequency/wavelength can also be modulated directly at high frequency via the drive
current. In addition to this, their development for telecoms has led to lasers with long life expectancies

and good efficiency. The only downside of DFB lasers is the dependence of output power on drive

24



current which, as described in section 2.2., produces RAM in the recovered TDLS signal. Werle gave

a good review on current diode laser technology [3.25].

To increase the power of the DFB laser it will be necessary to use an amplifier. Unfortunately,
1651nm is outside of the gain bandwidth of erbium Doped Fibre Amplifiers. However, a Raman
amplifier pumped at between 1530-1540nm will operate at this point, though several technical
challenges need to be overcome to allow the amplifier to reach high powers. The theory of fibre
Raman amplification and the challenges of reaching high powers with a narrow linewidth will be

discussed in the remainder of this chapter.

3.4 Raman Amplification

3.4.1 Spontaneous Raman Scattering

To increase the range of our TDLS system we plan to amplify the power of a 1651nm laser diode
from around 10mW to over 1W. We are targeting the 1651nm methane absorption line because it is
one of the strongest in the near-IR. The challenge with this line is that it lies outside of the gain
bandwidth of EDFAs which extend from around 1520nm to 1620nm. Fortunately, the tight
confinement of light in optical fibres allows us to take advantage of nonlinear effects like stimulated

Raman scattering (SRS) to produce amplification at a wide range of wavelengths.

Raman scattering is the inelastic scattering of light by atoms and molecules. Inelastic because the
scattered light photons lose (or gain) energy from the interaction. The atoms also change energy by
moving to a different vibrational state. In the interaction between a photon and a molecule the

molecule is excited to a virtual state. From this state three things can occur:

1) The molecule may return to the state in which it began by releasing a photon with the same
energy (wavelength) as the incident photon. Albeit, with a random direction. This is an

elastic scattering event known as Rayleigh scattering.

2) The molecule may drop down to a higher energy vibrational state than it began by releasing a
photon with less energy than the incident photon. This less energetic photon has a longer
wavelength than the incident photon and is often referred to as a Stokes photon. This process

is often referred to as Stokes Raman scattering.
3) The molecule may drop down to a lower energy vibrational state than it began by releasing a

photon with more energy than the incident photon. This energetic photon has a shorter

wavelength than the incident photon and is often referred to as an anti-Stokes photon.
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These processes are shown diagrammatically in figure 3.8. In the atmosphere Rayleigh scattering is
the most common form of scattering, only about 1 in 10° photons undergo Raman scattering compared
to Rayleigh scattering. Raman scattering was discovered by C. V. Raman in 1928 for which he won
the Nobel Prize in 1930. It is unique from Fluorescence because it relies on a virtual intermediate state

with a very short lifetime and is thus present at all wavelengths.

The wavelength shift (Stokes shift) due to the Raman Effect is determined by the spacing between
vibrational states and the ground state, and is typically in the THz region. Stokes Raman scattering is
much more likely than anti-Stokes Raman scattering because of the initial population N of each state

which follows a Boltzmann distribution

N ~ exp —i (3.10)
K,T

where E is the energy of the state, Kp is the Boltzmann constant and T is the temperature. This shows
that the population of a vibrational state in equilibrium decreases exponentially with the energy of the
state. So a photon is much more likely to begin in the ground state and fall to a higher energy state

than begin in an excited state and fall to a lower state.

A
h ,
’ Virtual states
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Energy
l Vibrational states
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scattering  Raman Raman

scattering  scattering

Figure 3.8: Diagram showing the energy (state) transitions involved in the processes of Rayleigh

scattering, Stokes Raman scattering and anti-Stokes Raman scattering..
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The semi classical explanation of Raman scattering developed by Placzek, is based on the

polarisability of electric dipoles [3.26]. The explanation is as follows [3.27]:

The electric field strength of an electromagnetic wave oscillates with time t at an amplitude E, and

angular frequency ®,
E=E, sin(a)pt) (3.11)
When the electric field interacts with a molecule it induces an electric dipole moment P
P=oF =0oF, sin(a)pt) (3.12)

where o is the polarisability of the molecule. If the molecule rotates with a frequency .4, around an

equilibrium position then its instantaneous displacement q is
q=q,cos(@,,t). (3.13)

If the polarisability of a molecule is assumed to be a weak function of q then we can expand it in a

Taylor series to first order.
a
o=, +—q+.. (3.14)

Inserting (3.13) and (3.14) into (3.12) the induced dipole moment becomes

P =a,E, sin(@,1)+ (a—aj%(cos«a)p — @)1 +cos(@, +@,,)1)  (.15)

dq

The first term is vibrating at the frequency of the incident light. This term relates to the dominant
Rayleigh scattered light. The second and third terms are vibrating at (V,-V,,) and (Vy+V.,;,) these
scatter frequency downshifted (Stokes) and frequency upshifted (anti-Stokes) photons respectively.

These are the origin Raman scattering.
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3.4.2 Stimulated Raman Scattering (SRS)

If the intensity of Raman scattered light increases enough then the process can enter a nonlinear
“stimulated” regime where Raman scattered photons stimulate the emission of more photons. When
this occurs the power in the Stokes wave grows rapidly. This process is known as stimulated Raman

scattering (SRS) and is used as the method of light amplification in Raman lasers and amplifiers.

This effect is often exploited in optical fibres because the tight confinement of light can produce very
high intensities for moderate input powers, and the long interaction length can produce efficient gain
without the need for a cavity. The amorphous structure of silica leads to a broadening of the molecular
absorption levels into bands producing the Raman gain spectrum shown in figure 3.9. This gain
spectrum stretches over 20THz with a peak at around 13.2THz (~105nm at 1550nm). To convert

between a frequency bandwidth and a wavelength bandwidth use
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Figure 3.9: Raman gain spectrum of silica optical fibre measured with a 1550nm pump and an

orthogonally polarized signal [3.33].
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The evolution of the pump power Pp and signal power P in a continuous wave Raman fibre amplifier

are governed by the equations:

dP
»=g PP -a,P,
dz ‘
P o (3.17)
dzp = i;”gerPv Ffa,P,

where ®, and ®; are the angular frequencies of the pump and Stokes wave, o, and o are the fibre
attenuation coefficients at the pump and Stokes wavelengths, z is the propagation distance and g, is
the Raman gain coefficient of the fibre [3.28]. The - signs are used for a co-propagating Raman

amplifiers and the + signs for counter-propagating amplifiers.

The Raman equations 3.17 show that the overall number of photons in Raman amplification remains
constant — this allows for very high optical efficiencies. The intrinsic quantum efficiency for the SRS
process is 100%. The limit on actual optical efficiency is determined by the absorption of the

fibre/material. The solution to equations 3.17 for a co-propagating amplifier is shown in figure 3.10.

These were solved using a numerical Runge-Kutta technique, with the boundary conditions

P (0)=10W
(3.18)
P.(0) = 10mW

And parameters,

g, =05x10""mw ™
a, =0.0002dBm™

_ -1
oy =0.0005dBm™ 3 14,
A, =1540nm
Ay =1651nm

A=73x10"m?
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Figure 3.10: Pump power (green) and signal power (red) evolution in a co-propagating Raman

amplifier.

For comparison the evolution of the pump and signal powers in a Raman amplifier pumped in a
counter-propagating configuration, where the pump and signal enter from opposite ends of the fibre,

are shown in figure 3.11. The boundary conditions are

P (2400) = 10W
(3.20)
P.(0) = 10mW

The equations were solved using a shooting method for boundary value problems. The length of the

fibre is chosen to maximise the output signal at the fibre end for a given pump power.

The gain per unit length is clearly smaller in the counter-propagating amplifier, leading to a smaller
overall transfer of power between the pump and signal. In a counter-pumped Raman amplifier it is not
possible to fully transfer the pump power to the signal. This limits the maximum amplification for a
10W pump to just over SW compared to around 8W in a co-propagating amplifier. However, counter-
propagating designs have other benefits, including a higher threshold for stimulated Brillouin

scattering and a lower transfer of noise from the pump to the signal.
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Figure 3.11: Pump power (green) and signal power (red) evolution in a counter-propagating Raman

amplifier.

If pump depletion (the first term in the second equation) is ignored then equations 3.17 can be solved
analytically. This is a valid approximation if we want to estimate the Raman threshold power for a

length of fibre L with an effective core area A.¢. The result of this analysis shows that [3.34]

grPoLyy « L]
— 0

P(L)= RY(O)e( Ad (3.21)

Where Py is the incident pump power and
Leﬁr = (3.22)

L. represents an effective interaction length which accounts for pump absorption. Equation 3.21
shows that the gain can be increased by decreasing the area of the fibre core or by choosing a fibre
with a larger Raman gain coefficient. There is also clearly a trade-off between the length and
absorption in the fibre which determines the maximum gain and the optimum length. The threshold

condition (Where P(L)=P(0)) is
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8 R PO Leﬁ'
s (3.23)

Following the analysis of RG Smith [3.29] and Agrawal [3.28], where they define Raman threshold as
the input power at which the Stokes power becomes equal to the pump power at the fibre output, an

approximate condition for the critical input power at threshold gain is

_ 164,

POC ritical
L
eff g R

(3.24)

Assuming that (to a good approximation) 0 = o,; that the Raman gain spectrum (figure 3.8)
resembles a Lorentzian function and that the pump and signal maintain a parallel polarization through
the fibre. This analysis holds for co-propagating pump and Raman light. For counter-propagating
light the factor of 16 becomes a 20. If the polarization state of the pump and signal vary then the
Raman threshold is increased by a factor of between 1 (parallel polarization) and 2 (scrambled
polarization). In a conventional (non polarization maintaining) optical fibre the polarization state of
transmitted light is scrambled upon propagation. The scrambling is random and so over long distances

pump and signal can be considered unpolarised.

The threshold pump power can be considerably reduced if light at the Stokes wavelength is injected
into the fiber with the strong pump. This process is known as seeding and the input signal is known as
the seed. This can be used to lower the threshold at frequencies away from the peak of the Raman gain
spectrum, so that they can experience gain before SRS starts depleting the available pump power at
the peak shift of 13.2THz. Seeding becomes very efficient at high powers, indeed with a pump of
several watts it is predicted that most of the pump energy can be coupled into the signal. The effect of

seed power is shown in figure 3.12.

From figure 3.12 we can see that the optimum length of fibre for a Raman amplifier is dependent on
the power of the seed laser. The higher the power the shorter the minimum length with a ImW seed
and a 10W pump the optimum fibre length occurs at around 2400m. If the seed power is increased to
10mW the optimum length reduces to 1800m. The output power and overall gain of the amplifier does

not vary very much with the input seed power except when the seed power gets very high.
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Figure 3.12: Pump (solid) and signal (dashed) power evolution in a co-propagating Raman amplifier

with an input seed power of ImW (red), 10mW (green), 100mW (Blue) and 1W (black).

The proposed pump in this work will be an EDFA producing light around 1540nm, which given the
13.2THz peak Stokes shift in fused silica, will provide a Raman gain peak at around 1651nm. To
lower the required pump power for threshold the Stokes signal at 1651nm will be seeded using a DFB
laser. The addition of a DFB seed laser will also be beneficial for the production of the gas sensor as

its wavelength can be ramped and modulated in the manner required for TDLS with WMS.

In theory the modulation in the Raman Amplifier should match the modulation in the DFB laser
almost exactly since the Raman amplifier acts like a fully inverted amplifier with a short lived upper
state. This should avoid the amplifier distortion effects seen in the EDFA based TDLS system

produced by Frish et. al. described earlier [3.22].

3.5 Brillouin Scattering

3.5.1 Spontaneous Brillouin Scattering

Brillouin scattering describes another type of inelastic scattering; this time of photons scattered from
acoustic waves (phonons) within a material. These have much lower frequency than the optical

phonons involved in Raman scattering and so produce much smaller shifts in the Stokes and anti-
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Stokes waves (~10GHz (~0.08nm)). The process of Brillouin scattering can be considered as a
parametric interaction between three waves: the pump wave, Stokes wave and acoustic wave. Since

energy and momentum must be conserved we get the usual phase matching conditions

(3.25)
K,=K,-Kj

Where m and K are the frequencies and wave vectors of the acoustic, pump and Stokes waves. Since

‘K_p‘ = ‘K_s‘ then using the law of cosines [3.31]

w, = ‘KA

v, =2V,

— . (6
K, sm(aj (3.26)

Where 0 is the angle between the pump and stokes wave and V4 is the velocity of the acoustic wave.
This shows that the frequency shift of the Stokes wave depends on the scattering angle and is a
maximum for backward scattering (6=180°) and vanishes for forward scattering (6=0°). In the case of

backward scattered light the frequency shift is given by

Vg = = (3.27)
Ap

At high enough optical intensities Brillouin scattering may also become nonlinear, when this happens
the Stokes wave and acoustic wave grow rapidly. This process is known as Stimulated Brillouin
scattering (SBS) and can be thought of simply using a classical model as will be described in the next

section.

3.5.2 Stimulated Brillouin Scattering (SBS)

At high optical powers the pump wave itself can induce an acoustic (pressure) wave through the
process of electrostriction. Electrostriction occurs when an electric field is applied to a dielectric. The
electric field causes dipoles in the dielectric to become oppositely charged so that they attract each

other, reducing the material thickness in the direction of the applied field. This changes the density
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and refractive index of the material. If the electric field is periodic like an EM-wave then the refractive
index (pressure) will vary periodically. This creates a refractive index (pressure or acoustic) wave
which travels through the material with a velocity dependent on the material properties. From the
parametric model described above it is apparent that the velocity is related to the velocity of the wave

envelope of the beat signal between the pump and Brillouin shifted waves.

The acoustic wave acts as a travelling Bragg grating, reflecting the pump light with a Stokes
frequency shift produced by the Doppler effect of the travelling acoustic wave. This process is self
reinforcing as the reflected signal light reinforces the beat signal which increases the depth of

electrostriction and produces a stronger acoustic wave. The process is illustrated in figure 3.13 [3.32].
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Figure 3.13: Stimulated Brillouin Scattering. [3.32].

Stimulated Brillouin scattering can be modelled using a pair of coupled differential equations

ap.
dZ = _gBPp[’s +a’sPs
de a)p (3.28)
o B eE,

N

Where , and o, are the angular frequencies of the pump and Stokes wave; o, and o are the fiber
attenuation coefficients at the pump and Stokes wavelengths; z is the propagation distance and gg is
the Brillouin gain coefficient of the fibre [3.28]. These equations are almost identical to the rate
equations used to model Raman scattering (equations 16) except the sign of dPs/dz has been changed
to account for the fact that the Brillouin signal always travels in the opposite direction to the pump
which produced it. Since the Stokes shift is small it is common to simplify the equations with

0,=04,=0; and ©; =W,=,
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If the acoustic waves in a sample are assumed to decay as exp(-t/Tg) with a characteristic time

constant Ty then the Brillouin gain spectrum can accurately be described by a Lorentzian profile

(Av, /2)’
V—=v,) +(Av,/2)?

gs(V)=g,(Vy) (3.29)

Where Avg is the linewidth of the Brillouin gain spectrum; v is the frequency shift from the pump
frequency and gg(vp) is the peak value of the Brillouin gain coefficient. The peak value of the

Brillouin gain coefficient is dependent upon the material properties of the medium and is given by

[3.28]

2%717])122

—— 2 (3.30)
e pV, AV,

gB(VB):

Where p,, is the longitudinal elasto-optic coefficient; V, is the acoustic wave velocity; p is the
materials density; n is the refractive index of the medium; c is the speed of light in a vacuum and 2, is

the pump wavelength.

If the pump linewidth Avp is larger than the Brillouin linewidth Avy then the peak value of the

Brillouin gain gg(vp) is reduced to

(3.31)

o vy =| 2P ( Av, j
B B

e pV, AV, \ AV, ® Ay,

The Brillouin gain coefficient is still given by equation 3.30 but with the reduced peak value. This
shows that increasing the spectral width of the pump is an efficient way to suppress SBS. Smith [3.29]

empirically found that the threshold power for SBS is given by

21Aejf
Lejf 85

POCritical ~ (332)

In optical fibres stimulated Brillouin scattering normally dominates over Stimulated Raman scattering
because the intrinsic Brillouin gain coefficient is much larger than the Raman gain coefficient. To
decrease the effective Brillouin gain coefficient (equation 3.29) in an optical fibre we can increase the

linewidth of the pump and Brillouin waves.
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3.6 SBS suppression

Comparing the critical threshold powers for SRS and SBS (equations 3.24 and 3.32) it is clear that the
only way to suppress SBS, without reducing SRS, is to reduce the effective Brillouin gain coefficient.

As indicated by equation 3.29 this can be achieved in several ways:

1) By increasing the linewidth of the pump laser Avp.
2) By increasing the fibres Brillouin gain spectrum linewidth Avg.

3) By using fibres with different material properties e.g. higher density, lower elastic strain

coefficient p;,, lower refractive index or higher acoustic wave velocity.

If the fibre is used just for transmission, and not Raman amplification, then SBS may also be reduced
by increasing the effective area of the fibre core, or by decreasing the length. However, these both also
affect Raman gain. Since SBS and SRS are parametric processes the gain of both can also be affected

by the relative dispersion of the interacting waves in the fibre.

In the following subsections we will review SBS suppression techniques. Section 3.6.1 will consider
SBS suppression by broadening the line width of the pump laser; and section 3.6.2 will consider SBS
suppression by broadening the Brillouin gain line width. Some of these techniques will be applied to

the Raman amplifier that we produce.

3.6.1 SBS Suppression by Broadening Pump Linewidth

Increasing the laser linewidth entering a fibre suppresses SBS but not SRS because of the difference
in the gain bandwidths. The gain bandwidth for Raman is around 10THz as opposed to about S0OMHz
for Brillouin. Thus, a broad linewidth source (100’s GHz) will effectively all contribute to a single
Raman Stokes signal but will amplify multiple Brillouin Stokes signals. These will individually

remain below the critical threshold power for SBS even though the overall power may be very large.

Ohki et. al. [3.34] examined this effect by studying the SBS reflection of several diode lasers
supporting different numbers of longitudinal modes. Reasoning that the longitudinal modes of a laser
will each produce their own SBS signal as the spacing between longitudinal modes is usually much
larger than the Brillouin gain bandwidth. Therefore by increasing the number of modes propagating in
a fibre you can increase the total power transmitted before SBS begins. However, increasing the
number of modes produced by a diode laser increases the line width which is obviously unacceptable

for TDLS. It also increases the relative intensity noise of the diode laser.
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When the characteristics of a single longitudinal mode laser (like a DFB) are needed then it is possible
to increase the effective line width (as seen by the fibre) by dithering the output wavelength. This is
well known in the literature [3.35-3.39] and was developed to allow long haul optical fibre
transmission with greater distance between repeaters and amplifiers. The principal is simple. When a
DFB lasers drive current is modulated its wavelength changes. This causes the wavelength of light
entering the fibre to change with time. If the transmission time through the fibre is long compared to
the rate of wavelength change then many wavelengths may be present in the fibre at once (varying
with distance). Along the length of the fibre these wavelengths will undergo Brillouin scattering,
however, if the wavelength sweep is much larger than the Brillouin gain linewidth then scattering at
different points in the fibre will not all contribute to the same Stokes reflection. The individual Stokes
waves generated can then be kept below threshold even though the overall power is large. Effectively,

this reduces phase matching between scattering events at different positions in the fibre.

The advantage of the dither approach is that it keeps the instantaneous linewidth of the laser small
(several kHz for a DFB laser). This is especially advantageous for our application of TDLS since the
linewidth must be kept narrow for sensitivity. Also, since the wavelength has to be dithered for
TDLS-WMS anyway it should be possible to use this modulation to also suppress SBS in the Raman

amplifier.

Hence, the intention is to suppress SBS at the pump wavelength (1540nm) by broadening the seed for
the EDFA. Suppression at the signal wavelength (1650nm) will be achieved through broadening by

modulation.

3.6.2  SBS Suppression by Broadening the Brillouin Gain Linewidth

Stimulated Brillouin scattering can also be suppressed by broadening the Brillouin gain linewidth of a

fibre. This can be achieved by

® Applying temperature and strain distributions along an existing fibre.
e Designing and manufacturing optical fibres with properties that change along its length.
¢ Concatenating different types of fibre with different Brillouin shifts

¢ Introducing extra elements like fibre Bragg gratings into the fibre.
The first of these methods — applying a temperature distribution to the fibre broadens the Brillouin

gain line width by altering the refractive index in different parts of the fibre through the thermo-optic

effect. This causes the peak Brillouin shift (equation 3.27) to change along the length of the fibre. If
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the peak shift in different portions of the fibre is greater than the Brillouin bandwidth then scattering

in one section cannot stimulate scattering in another section.

The temperature distribution is usually cited as a reason for unexpectedly high SBS thresholds in high
power end pumped fibre amplifiers [3.40, 3.41]. From equation 3.27 the change in Brillouin

frequency with refractive index is given by

dv, 2v,
o 7, (3.29)

If the acoustic velocity in an optical fibre is V5= 5960ms ™! [3.42] and the refractive index variation
with temperature is dn/dT = 1x10°K™" [3.43] then the change in Brillouin frequency with temperature

is found to be

dv, dvy,dn 2v, dn

= = =0.77MHzK ™' _
AT dn dT A, dT 330

Assuming a typical value of Avg = 40Mhz then we would require a temperature gradient of ~50K

along the fibre to introduce one bandwidth shift in the Brillouin (Stokes) shift frequency.

Applying a strain distribution to the fibre works in a similar way. The strain induces a change in the
refractive index of the fibre through the photoelastic effect. This is used in distributed Brillouin strain

sensors [3.44, 3.45].

If the Brillouin shift increases with strain at a rate of 0.05MHz/ue [3.46] then it will take a strain of
800pe to shift the brillouin gain peak by the Brillouin gain linewidth (40MHz). If the Young’s

modulus of a fibre optic is E=72GPa then this requires a force of

F = EA,e =72x10"x1.23x107°*x800x107° =0.7N
AL

£E=—o
L

(3.31)

assuming standard SMF with a diameter of 125um. This could be achieved through winding of the
fibre onto different diameter reels or simply by adjusting tension during the fibre winding process, or

by winding onto a non-cylindrical reel.
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Stimulated Brillouin Scattering can also be suppressed by altering fibre parameters along the length of
the fibre. The parameters which can be varied need to alter the Brillouin shift frequency (according to
equation 3.27) these are the refractive index of the fibre and the acoustic wave velocity. The
refractive index can be varied either through non-uniform doping of the core or cladding glass prior to
fibre pulling [3.47] or by concatenating multiple different fibres [3.48]. The acoustic wave velocity in
the fibre can be changed by doping or by altering the geometric dimensions of the fibre by varying the

fibre pull speed as the fibre is produced [3.49].

Taiji Sakamoto et. al. [3.50] developed a hole-assisted fibre with a low overlap between the acoustic
and optical modes in the fibre. This fibre has the same mode field diameter as SMF 28 but increases

the SBS threshold by 13.5dB.

Agrawal et. al. [3.51] also show that SBS can be suppressed by introducing fibre Bragg gratings along
the fibre length. The idea is that these are transparent to the pump wavelength but not at the Stokes
wavelength. Any SBS produced in that section of fibre is then reflected so that it co-propagates with
the pump that produced it. The Stokes wave is now travelling in the forward direction so it does not
stimulate further Brillouin scattering and since the backward travelling wave never reaches high
powers it cannot take advantage of the exponential gain of SBS. This can be repeated at multiple

points along the fibre.

3.7 High Power Narrow Linewidth Raman Amplifiers

The aim of this section is to review some of the high power Raman amplifier systems found in the
literature, concentrating on narrow linewidth and high power amplifiers which could be suitable for
TDLS. After searching the literature only one use of Raman amplification for high power and narrow
linewidth amplification in the wavelength range of interest to this project, around 1650nm, could be
found [3.24]. However it only had an output power of 100mW and the specifics of the system or its
performance were not discussed. Several fibre Raman amplifiers in the 1150-1300nm wavelength

range pumped by ytterbium fibre lasers have been identified.

One of the most interesting to this project is the Raman fibre amplifier that was constructed at the
European Southern Observatory by Yan Feng et. al. [3.52]. Their aim was to amplify a narrow
linewidth laser at 1178nm to high powers for efficient frequency conversion to 589nm for use as a
laser guide star. Using a simple amplifier design, as shown in figure 3.17, they amplified a 9mW
1178nm DFB laser with a linewidth of <10MHz to 4.8W. The pump laser was at 1120nm provided by
a 45W single mode Yb-fibre laser and the Raman amplifier fibre was 150m Nufern 1060XP.
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They suggest that the power distribution in a high power Raman amplifier decreases the effective
length of the fibre (as used in the threshold equations) and increases the maximum gain of the fibre
before the onset of SBS. As shown in figure 3.11 the signal only reaches high intensities in the end
section of the amplifying fibre. This suggests that the effective length in the threshold equations

should be adjusted to account for the non-uniform pump distribution.

1120nmr

DFE \,J \,_.//

DL —— 1178nm

WDM1

Figure 3.17: Schematic of Raman system at European southern observatory.

As a figure of merit for a fibre to be chosen for narrow linewidth SRS Feng et. al. [2.53 - patent]
suggest using the ratio of the SRS critical power (equation 3.24) to the SBS critical power (equation
3.32). This yields

Critical ,SRS

P _16g,
Critical ,SBS

P 21g,

(3.32)

However, the Brillouin and Raman gain coefficients are wavelength dependent and not well

characterised for regular single mode fibres.

In a recent publication Nagel et. al. [3.49] used two Raman fibre amplifiers to amplify two seed lasers,
one at 1271.7074nm and one at 1271.817nm. The wavelengths were chosen to correspond to an online
and offline measurement for ratiometric sensing of Oxygen. Their amplifier used a specially
produced phosphosilicate fibre with a modulating core to suppress SBS. Pump light was provided by a
1087nm Yb fibre laser. Using this system they produced outputs of 2.4W at 1271.7074nm and 0.5W
at 1271.817nm without the onset of SBS. They also dithered the seed inputs, as necessary for TDLS,

and found no distortion in the dithered output due to the gain dynamics of the amplifiers.

3.8 Summary

In summary, this chapter has introduced the project to develop a long distance, remote methane sensor

for gas pipeline health monitoring. It has covered the theory of tuneable diode laser spectroscopy;
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Raman amplification in fibre and stimulated Brillouin scattering. It has also developed the framework

for where this system sits within the wider fields of Raman amplification and TDLS methane sensing.

After reading this chapter, the reader should be aware of how a Raman amplifier works and the
possible techniques and challenges associated with creating a high power fibre Raman amplifier with
a narrow linewidth. The next three chapters will discuss the system created in this project much more

specifically.

Chapter 4 will describe the Raman amplifier system developed during this project and expand on the
theory of the different sections — including modelling of Er-Yb amplifiers and Raman amplifiers. It
will look at the efficiencies of the completed 1650nm Raman amplifier and assess it’s suitability as a

source for TDLS.

Chapter 5 will then explain how the Raman amplifier system was integrated into a complete TDLS
system for the remote detection of methane. It will also discuss the results of laboratory and field gas

sensing trials conducted at Strathclyde University.

Chapter 6 concludes the project with an executive summary and proposals for refinements to the
Raman amplifier and TDLS system. It also looks at wider improvements which could form the basis

for future work.
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Appendix A3.1: Derivation of Equation 3.8 (Werle [3.8])

To arrive at equation 3.7 for the harmonic coefficients of a TDLS-WMS signal we begin with the

Beer-Lambert law

[(v)=1,(v)e "™ (AL.1)
If the instantaneous frequency is modulated as

V=v+mcos(@, 1) (A12)

Then the intensity can be expanded as a Fourier cosine series
I(v,1)=) A, cos(na,t) (A1.3)
n=0

Using the properties of Fourier transforms the individual harmonic coefficients can be found. For a

function f(x)
1 ¢7
A =— j £ (x) cos(nx)dx (A1.4)
7[ -
Since our cosine Fourier series is symmetric

An—2

= —J-Oﬂ 1,(v +mcos 0)e 7N (03(1n0)dO (A1.5)
T

Where 0 = o,t. In the ideal case the laser can be scanned across the absorption line with no change in

Iy and the equation becomes

A

' J.” e OV meOsOIN (0 (nB)d O (A1.6)
V4

0

In trace gas analysis the absorption is low (6LN<<1), thus

46



2L,LN IO”—O'(I_/+mcos 0)cos(nd)do (A1.7)

A =

This is the general case solution for the harmonic coefficient (in the ideal case of no RAM). If the
modulation index m is small then this equation can be simplified by Taylor expansion of the

absorption cross section 6 about the mean frequency.

dotv) v+ 1d°0w) wily—vf + 1d'aw) wtly—)

)= O(V) 2 v | n dv' | -

V=V

Putting equation A1.2 into A1.8 and expressing as a series yields

m" cos" @ (A1.9)

v=v

o) =offh 31400

n=1

Putting this into equation A1.7 produces

A = ZILN.[ ()_indd(v)

T

m" cos" 8| |cos(nd)do (A1.10)

v=v

Evaluating the integral using
v4 n VA
L cos"(@)cos(nf) = o (A1.11)

Gives us our final result

2" ILN d"o)|
n! dv"

A =

n

(A1.12)

v=v
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Appendix A3.2: Intuitive derivation of TDLS-WMS signals which account for
RAM contributions

An intuitive derivation of the signals produced in TDLS-WMS in the low absorption, small
modulation index regime was given by Duffin et. al. [3.11]. This is useful because it takes account of

the residual amplitude modulation (RAM) that is imposed on the diode laser

On the assumption of small absorption (6LN<<1) the Beer-Lambert Law can be approximated to
I1v)=1,(—0c(V)LN) (A2.1)
If a dither is applied to the drive current of the laser then the central frequency varies as
V=V+mcos(w, 1) (A2.2)
This dither also causes the transmitted intensity to modulate
1, = 1)+ Al cos(a, 1) (A2.3)

Where v is the mean frequency of the laser and Al is the magnitude of the intensity dither. Putting

equation A2.3 into A2.1 yields
1v) = 1)+ Al cos(a, ) 1 - 5v)LN) (A2.4)

If the modulation index is small (m<<1) then we can Taylor expand the cross section around the mean

frequency

do() oy v} 1 d’oWw)

N an n’ (V—l_/)2 Toens

v=v

ow)= 0(1_/)+

v=v

Truncating equation A2.5 at the third term and substituting into equations A2.2 and A2.5 results in

1 d*o(v)
cos@ t—@)LN——
meos@ 1= QLN = =

(V)= (I (17)+AI COS(Q,II)(I_O{V)LN_?

v=v

m’ cosz(a)mt—¢)LNJ (A2.6)
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Where ¢ accounts for the phase difference between the lasers frequency/wavelength modulation (FM)

and the lasers intensity/amplitude modulation (AM). Then using the trigonometric identity
) 1
cos”(x) = 5 (1—cos(2x)) (A2.7)

It is easy to separate out the coefficients of the DC, 1f and 2f components (as measured by the lock in

detector).
Ay = 1lvk1-olv)n) (A2.8)
A, = Al cos(w, 1) — Al cos(a)mt)a(l_/)LN - I(l_/)? mcos(w,t —@P)LN (A2.9)
Vol
g2
A, = _% Aldz(v) mcosQa, t —¢)LN—%1(v)% m’ cos2(@ t —HLN  (A2.10)
|4 v=v |4 y=v

Note that the small DC contribution from the 2" harmonic term has been neglected. As have all
contributions from higher harmonic terms. The interesting thing about this derivation is that it does
not neglect the residual amplitude modulation (RAM) from the sinusoidal current applied to modulate

the laser. The RAM contribution is captured in the terms containing Al

The 1f and 2f gas signals are given by the last terms in equation A2.9 and A2.10 respectively. As
expected these are proportional to the first and second derivatives of the absorption cross section, the
path length and the gas concentration. In fact they are almost identical to the result obtained in
equation 3.8 (derived in appendix A3.1) except they are skewed by the relative phase to the RAM
signal ¢.
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Chapter 4 - Fibre Amplifier System Development

This chapter describes the development of the fibre amplifier system, beginning with an overview of
the theory and modelling of an Er-Yb amplifier; before recapping the theory of Raman amplifiers and
extending the model introduced in chapter 3 to include the effect of SBS. The second half of the
chapter then looks at the specific design of the different parts of our amplifier (as constructed) and

discusses the results obtained. This chapter is structured as follows:

e Sections 4.1 - Erbium Doped Fibre Amplifier (EDFA) - Describe the
background, theory and modelling of erbium-ytterbium doped fibre amplifiers.

¢ Sections 4.2 - Modelling CW Double Clad Er:Yb Fibre Amplifiers

e  Sections 4.3 — Raman Amplifiers - Describe narrow linewidth Raman fibre
amplifiers including an extended model to include the effects of SBS.

e Section 4.4 - Modelling of CW Raman Fibre Amplifiers

e Section 4.5 - Fibre Amplifier system for the Long Range Methane Sensor -
Describes the 1650.95nm fibre amplifier system designed and built for the TDLS
methane sensor. This section is split up into three parts one for each different
section of the amplifier. The performance of the amplifier is looked at in this section
and compared to the models of sections 4.2 to 4.4.

e Section 4.6 - Suitability for Methane Sensor - Analyses the results and
measurements made on the completed fibre amplifier system confirming its
suitability as a source for TDLS methane sensing.

¢ Section 4.7 - Summary

4.1 Erbium Doped Fibre Amplifier (EDFA)

Erbium doped fibre amplifiers (EDFAs) were developed in the mid 1980’s at Southampton University
and Bell Labs [4.1, 4.2]. They were designed to produce optical gain at around 1550nm, the region of
lowest attenuation in optical fibres, to enable long distance telecommunication spans without the need
for electronic repeaters. Previously, neodymium doped fibres had been shown to produce gain around
1000nm. Due to their prevalence in telecommunications the theory behind EDFAs is very well
understood and widely available [4.3, 4.4]. This section limits itself to a brief and qualitative overview
of the theory focussing particularly on recent advances which have allowed the extension of EDFAs to

high powers.

Erbium doped fibre amplifiers (EDFAs) use silica optical fibre doped with erbium as a gain medium

to amplify light. The erbium ions in the fibre form a three-level lasing system that can be efficiently
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pumped with a 980nm laser, producing gain in the 1550nm region. The gain bandwidth of EDFAs is

large from around 1480nm to over 1600nm.

The gain efficiency of EDFAs can be very high because of the small mode area of the fibre and the
long length of the amplifier. This can produce very high gains (over 40dB) in a single stage for
moderate pump powers. The gain of EDFAs is usually limited not by the available pump power but by

other parasitic processes, especially amplified spontaneous emission (ASE).

In an EDFA, as in any gain medium, stimulated emission is accompanied by a small amount of
spontaneous emission. This spontaneous emission is not coherent with the stimulated emission and
can have any wavelength under the gain spectrum of the EDFA. If it is emitted in a direction that falls
within the NA of the fibre then it is guided and can go on to induce stimulated emission. This
produces light with low temporal coherence (because of the broad range of wavelengths) but strong
spatial coherence (because of the confinement to the fibre core). This process (and the light produced)
is known as amplified spontaneous emission (ASE). ASE limits the gain which is achievable at the
signal wavelength, since, at these unwanted wavelengths, it quickly depletes the population inversion

available for gain at the signal wavelength.

If higher gain is required then multiple stage amplifiers are usually required. These have additional

components like filters, isolators or modulators between stages to suppress ASE.

In recent years the powers of EDFAs have increased dramatically, the result of several significant
technological advances, the introduction of double clad fibres and co-doping with ytterbium [4.5, 4.6].
Double clad fibres have a small (often single mode) doped inner core which guides the signal light to
be amplified and a large, lower refractive index, inner cladding to guide high power multimode pump
lasers, as shown in figure 4.1. This allows the use of pump sources with high power but poor beam

quality which aren’t compatible with standard single mode fibres.

In a double clad fibre the pump absorption is reduced, to a first approximation, by the overlap between
the mode field area of the core and inner cladding. Consequently, to achieve the same pump
absorption longer lengths of fibre are required for the amplifier. To counteract this effect the erbium
doping concentration in the core has to be increased. The mode field diameter of the core is also made

as large as possible, while still maintaining single mode propagation.

Unfortunately, the doping concentration of erbium fibres cannot be taken much beyond 1% because of
concentration quenching (clustering). When the concentration of erbium ions gets too high, non-
radiative losses increase substantially because the ions in close proximity interact with each other.

This low doping level would make double clad amplifiers impractically long. The longer length
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decreases the threshold for nonlinear effects like stimulated Raman scattering and stimulated Brillouin

scattering, which ultimately limit the power achievable with a fibre amplifier.

Refractive
Index (n)

Radius (um)

—

Core: 7.4 pm
-Inner Clad: 125 pm-
=-—Quter Clad: 180 pm ——

Figure 4.1: Cross section of double clad optical fibre showing refractive index profile [4.7].

Fortunately, the pump absorption can be increased substantially by co-doping the fibre with ytterbium.
ytterbium has a larger absorption cross section than erbium and can be incorporated into silica fibre in
much higher concentrations without clustering. Through a cross relaxation process an ytterbium ion
will efficiently transfer energy to a nearby erbium ion. The excited erbium ion can then decay via
stimulated emission and contribute to gain at the signal wavelength. This effectively increases the
pump absorption while avoiding the problem of clustering. Co-doping also opens up a broader
absorption band from around 900nm-1000nm, compared to erbium alone which can only be

efficiently pumped at 980nm. This relaxes the tolerances required of pump laser source.

Using double clad Er:Yb doped fibres several groups have realised fibre amplifiers with powers
greater than 100W. Jeong et. al. [4.8] developed a two stage Er:Yb amplifier with an output power of
150W. The signal was a 10mW tuneable laser (1530-1610nm) with a linewidth of IMHz. The first
stage was a commercial fibre amplifier which increased the signal power to ~1.8W. The final stage
was a double clad Er:Yb amplifier with a 30pum diameter core and a 650pum diameter inner cladding.
The amplifier was pumped with a 450W diode stack and amplified the signal to over 150W with
negligible nonlinear effects or linewidth broadening. The 30um core was not single mode, but still

produced an almost diffraction limited output.
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Bertrand Morasse et. al. [4.9] produced a 10W Er:Yb amplifier at 1550nm using a monolithic fibre
design (they used all fibre or fibre coupled components). They used an Er:Yb double clad fibre with a
10pm core and a 130pm inner cladding. Their main aim was to understand how temperature affected
the absorption cross section of the dopants in the fibre at different wavelengths. They reasoned that
this knowledge is important for accurate modelling as the large quantum defect creates substantial
temperature gradients in the fibre. They confirmed this by comparing an adapted model to the

performance of the EDFA they constructed.

Carter et. al. [4.10] produced an 18W polarisation maintaining Er:Yb amplifier. Their fibre has a
slightly unusual double clad structure, in that it has a section around the core with a raised refractive
index which they call a pedestal. This decreases the number of modes supported by the fibre core
while allowing a larger mode field diameter for the propagating single mode. This increases the

threshold for nonlinear effects and ultimately the maximum power of the amplifier.

To create a Raman amplifier with an output power of greater than 1W we estimate that we will need
an Er:Yb amplifier with a broad linewidth and an output power of greater than SW (section 4.4).
Er:Yb amplifiers with up to SW output are readily available commercially [4.11, 4.12]. However, due
to the ready availability parts at Gooch and Housego, Torquay, it was decided that we should design

and build our own. The obvious place to start is with a model to help inform the design.

4.2 Modelling CW Double Clad Er:Yb Fibre Amplifier

The modelling of CW Er:Yb double clad fibre amplifiers and lasers is usually done using rate
equations derived from the energy level transitions involved in the lasing process. A typical energy
level diagram for an ErtYb* amplifier is shown in figure 4.2 [4.12]. In this diagram level 2F7,2 is the
ground state Yb** level and 2F5/2 is an excited Yb*" state. K, is the cross relaxation coefficient which
describes the transfer of energy from the 2F5/2 Yb** level to the 4111,2 Er’* level. Level 4113,2 is the upper
laser level of the system and 4115/2 is the Er** ground state. In this model we will ignore the effects of
the upconversion process in Er’*. We will also assume that the fast non-radiative decay between the
4111,2 and 4113/2 levels prevents population build up in the 4111/2 level and back conversion to the 2F5,2

level.
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Figure 4.2: Energy level diagram of Er:Yb system showing transition paths, pumping rates and decay

constants [4.12].

The rate equations for the population changes of the Yb™* levels and the Er’* levels are

Yb Yb Yb
dN, _ _dN, _ R, N!"-R,N,’ N k,NI'N}
dt dt Ty,
N1Yh +N2Yh =Ny,
.1
Er Er Er
sz :_le = RsaNlEr _R‘veNZEr _N_z-i_ktr]VZYleEr2
dt dt Ty,

N +NJ =N,

”

where Nle and Nsz are the populations of the 2F7,2 and 2F5,2 ytterbium energy levels respectively and
NIEr and NZEr are the populations of the 4115/2 and 4113,2 erbium energy levels. Ny, and N, are the total
number of Yb** and Er’* ions. The rate of transitions between levels due to pumping, stimulated
emission and spontaneous emission are given by the R,, values. Ty, and T, are the radiative lifetimes

of the ytterbium and erbium ion upper states.

In terms of directly measurable quantities the rate equations can be expressed as [4.13]
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dt hcA Er
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Where P, and P, are the pump and signal powers; A, and A, are the pump and signal wavelengths; G,
and G, are the stimulated absorption and stimulated emission cross sections at the pump wavelength
and o, and G, are the corresponding cross sections at the signal wavelength. Planck’s constant is h
and c is the speed of light in a vacuum. I'; and I, is an “overlap” factor which accounts for the spatial

overlap of the fibre mode in the core/cladding and the dopants in the core.

Using these equations the populations of the Er and Yb states can be calculated in the steady state CW

regime. The pump and signal evolution along the fibre are given by the differential equations

d;’ =4T, (a,,eNZY” -0, Nle)P,,i - a,,Ppi

dP.
db = FY (GSeNfr - Gm Nfr )PY - aS PX
z

(4.3)

Where «, is the background loss of the cladding at the pump wavelength and o is the background loss
of the core at the signal wavelength. The * sign corresponds to co-propagation and counter-

propagation of pump with the signal respectively.

The absorption coefficient of the fibre (which is usually given on the data sheet) for cladding
absorption at the pump wavelength 0,4 and core absorption at the signal wavelength 0. are

approximately given by (assuming small background loss)

a,=1,0,Ny

4.4
as = ]‘_‘so-sa NEr @
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Model Results/Predictions

The set of equations in 4.3 and 4.4 were solved numerically for a co-propagating amplifier, using

Euler’s method with the boundary conditions

P,(0)=P
P (0)=P

(4.5)

The parameter values used are given in table 4.1. These are believed to be appropriate for the fibre

that we used for the amplifier (Nufern, MM-EYDF-12/130-HE). Exact values for some of the

parameters were unobtainable and so their values were chosen to be of the same magnitude as found

from other sources.

Parameter Value Unit
Ap 915 nm
As 1550 nm
Tp 5x10™
Is 0.8
Tyo 1.5x107 s
Tes 11x107 s
Gpa 2x107 m’
Ope 5x107% m’
G 2x107% m’
Gu 6.6x107 m’
NEg: 5x10" Ions/cm’
Nyp 5x10%° Tons/cm’
A 4.5x10™" m’

Table 4.1: Parameter values used in Er-Yb amplifier model.
Figure 4.3 shows the evolution of the pump and signal in a co-propagating configuration with a pump
power of 32W and a seed power of SmW. This corresponds to our maximum available pump and seed

powers.

Figure 4.4 shows the calculated signal output power versus pump power for a 10.5m length of fibre..
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Figure 4.4: Calculated output signal power Vs pump power in a 10.5m length of ErYDb fibre.
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The maximum conversion efficiency from a co-propagating Er-Yb amplifier occurs near the same
point where the pump power falls to zero, around 15m in figure 4.3. After this point the power in the
signal only falls slowly, governed by the residual absorption of the fibre core. Thus to create an
efficient Er-Yb amplifier it is sufficient to choose the fibre length just on the level of pump
absorption. For fibres this is usually stated in decibels, so a fibre length with in excess of around 10dB
of pump absorption should be sufficient. Making the fibre excessively long should be avoided if you

would like to reach very high powers because nonlinearities increase with fibre length.

In our Raman amplifier system the Er-Yb amplifier will be used as a pump. The next section will
recap the operation of a Raman amplifier and explain a more complete model applicable to our

amplifier.

4.3 Raman Amplifier

To recap chapter 3, Raman amplification uses Stimulated Raman Scattering (also known as the
Raman Effect) to amplify light. Raman scattering is an inelastic scattering of an incident photon by a
molecule to a lower frequency photon with excess energy resonantly transferred to the molecule as a
change in state. Above a certain threshold this effect becomes “stimulated” and enters a nonlinear
regime where most of the incident pump photons are rapidly scattered into signal photons. This

efficiently amplifies the signal light.

As long as a suitably powerful pump source with the correct wavelength is available then Raman
amplification can be used to provide gain at wavelengths outside of the gain bandwidth of the usual
laser dopants. The effect can also be cascaded to produce amplification at multiples of the shifted
frequency. The effect is exploited in telecommunication systems to provide amplification to multiple
wavelength division multiplexed channels, with the gain spectrum tailored by the choice of pump
wavelengths and power. Amplification occurs for both co-propagating and counter-propagating

signals.

In chapter 3 the basic model which is often used to analyse Raman amplifiers was described. This
model is sufficient to describe the action of Raman amplifiers with moderate gain or large bandwidths
where stimulated Brillouin scattering is not a problem. When amplifying a narrow linewidth laser to
high power then it would be useful to be able to predict the amount of backscattered light due to SBS
and the effect that this has on the power of the signal and pump waves. The next section will describe
an extended model for a Raman amplifier which includes SBS and the Raman amplification of

backscattered light.
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4.4 Modelling of CW Raman Amplifier System

To model the performance of a Raman amplifier with a narrow linewidth it is necessary to consider
both stimulated Raman scattering and stimulated Brillouin scattering. Another effect which seems to
be overlooked in most models and discussions of Raman amplifiers is Raman amplification of the
Brillouin scattered light. This effect was incorporated into a model by combining the Raman
amplification and Brillouin amplification rate equations described in Chapter 3. Arriving at this final

set of coupled equations

dPy _ 8rbrPs  8pPsPops
dz A A

dp, =iﬂs 8r b by i/ls 8w P Pys +a.P
dz A, A A, A e (4.6)

dPgps __gBPPPS n 8 x Pp Psps

dZ A A S P, SBS

_aSPS

Equation 4.6a describes the power evolution of the Raman signal wave. The first and second terms on
the right hand side of the equation correspond to the Raman gain from the pump and the loss of power
which goes to pumping the Brillouin wave; the third term is the intrinsic loss of the fibre at the signal
wavelength. Equation 4.6b describes the power evolution of the Pump. The first two terms of this
equation correspond to the Raman gain of the Signal and Brillouin wave respectively. If the pump and
signal are counter-propagating then use the upper signs in the equation; if co-propagating use the
lower. Equation 4.6¢ describes the power evolution of the Brillouin wave. This has terms which

correspond to Brillouin gain from the signal and Raman gain from the pump.

These can be solved numerically with appropriate boundary conditions. The Boundary conditions
which need to be specified are the input signal power Ps(0), input pump power at Pp(0) or Pp(L) (co-
propagating and counter propagating respectively) and the input Brillouin wave power Pggs(L). Note
that the Brillouin wave and the signal wave always propagate in different directions, since in an
optical fibre Brillouin scattered light always travels in the opposite direction to the incident light. This
2-point boundary value problem is much more difficult to solve than the initial value problems usually
considered for Raman amplifiers (Chapter 3). A numerical solver in Maple based around a relaxation

method was used to solve these equations.
In an actual amplifier SBS builds up from noise along the length of the fibre so there is no “defined”

input power for SBS to use as the boundary condition. Smith et. al [4.14] reproduced by Agrawal

[4.15] in their analysis of SBS using the traditional rate equations use the power equivalent of
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injecting one photon per mode into the input of the fibre. The power associated with one photon in the

Raman gain bandwidth is given by [from noise figure assumptions]
Py (L) = hVSBSAVg (4.7)

Where A v, is the Raman gain Bandwidth of the fibre; Vggs is the frequency of the Brillouin Wave and
h is Planck’s constant. This is equivalent to injecting a power of approximately 1uW into the fibre to

seed the SBS process.

In equations 4.6 it is assumed that the Raman gain coefficient and absorption coefficient are the same
for the signal and Brillouin waves. This is valid because of the small shift between the signal and its
Brillouin component. It also assumes that the Raman gain coefficient is the same regardless of

direction between the pump and Raman amplified waves.

These equations ignore the effect of other losses, such as splice losses and component insertion losses
in a real Raman amplifier. However, these can be accounted for ad hoc by increasing the absorption
coefficient. This is only legitimate if the discrete losses are small at any one point, so that there are no
large discontinuities in the power propagating in the fibre which would significantly affect gain. The
model also ignores the effect of spontaneous Raman scattering and Raman ASE which could become
a problem if SBS is sufficiently suppressed. These effects are difficult to model using a rate equation
approach because they would need to be added in as extra equations (one for each wave) with

boundary conditions which are poorly defined, like Pggs(L).

This model can be used to model unidirectional pumping Raman amplifiers only. If bidirectional
pumping was used then separate equations for the pump propagation in the forward Pp*(z) and

backward Pp'(z) directions would be required. This was recently analysed in [4.16] using the equations

dP _ 8xbpPs —a.P _gBPSPSBS

dz A S A
dPPJr:_ﬁgRPPJrPs_ P_ﬁgRPJ:PSBS
dz A, A SPA A
apP, :ﬁgRPP_PS_i_a, P +£§RPP_PSBS
. A, A P, A (4.8)
APy __gBPPPS_ j2 8 x Pp Pogg
= s Tsps
dz A A
P,=P, +P;
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Model Results/Predictions

The Raman model described above was solved using the parameters in table 4.2. These parameters
should be approximately correct for dispersion shifted fibre (DSF). The Brillouin gain coefficient is

given by Agrawal [4.15] and is appropriate to smf 28.

Parameter Value
Attenuation @ 1550nm 0.22dB/km
Mode field diameter @ 1550nm 8.1pum
Raman gain coefficient 4x10™" m/W
Effective Brillouin gain coefficient 4x10™"° m/W
Pump wavelength 1550nm
Signal Wavelength 1651nm

Table 4.2: Raman model parameters for SMF28

If we use a 4W Er-Yb amplifier as a pump source for the Raman amplifier and a 10mW 1651nm seed
in a counter-propagating (counter-pumped) configuration then the boundary conditions for the model

become

P,(L)=4W
P (0) =10mW 4.9)
Pgys (L) =1uW

where L is the length of fibre.

The evolution of the pump, signal and idler powers in a 4.5km fibre are shown in figure 4.5. As you
can see the signal and pump powers develop similarly to the predictions of the earlier models. The
interesting part is the backscattered power, this is not just amplified by SBS but also by SRS from the
pump, in fact the contribution of Raman amplification is much larger than the contribution of
Brillouin. The depletion of the pump wave by the SBS wave can be seen in figure 4.5 between 0 and
1500m where there is a small change in gradient in the pump power (red line) and an increase in the
SBS power (green line) . This is due to Raman amplification of the backscattered wave. In this model
SBS interactions occur only between the pump and the signal wave, because the pump is assumed to

have a large linewidth.
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Figure 4.5: Evolution of pump (red), signal (blue) and Brillouin (green) powers in a Raman amplifier.

4.5 Fibre Amplifier system for the Long Range Methane Sensor

In this section the construction of the fibre amplifier system is described. Evaluating the results of the

build to the theory and modelling presented earlier.

To ease understanding the laser source has been broken down into three parts, an amplified
spontaneous emission (ASE) source; a high power EDFA and the Raman amplifier. A full schematic

of the laser broken into these three parts can be seen in appendix A4.1.

The following subsections will cover each of these parts individually explaining their operation and

how they link to the other sections.

e Section 4.5.1 ASE source
e Section 4.5.2 EDFA

e Section 4.5.3 Raman Amplifier
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4.5.1 Amplified Spontaneous Emission Source

As explained in section 4.1 amplified spontaneous emission (ASE) is spontaneous emission which has
been amplified by stimulated emission. ASE is problematic in fibre amplifiers because any
spontaneous emission which is emitted within the numerical aperture of the fibre is guided through the
gain medium and is amplified along with the signal light. This reduces the gain available for the signal
and raises the level of background light which contributes to noise at a detector. However,
applications requiring broadband optical radiation like Optical Coherence Tomography, wavelength
multiplexed sensing applications and component testing can make use of ASE. ASE offers a source of
broadband light with excellent spatial coherence, but poor temporal coherence. ASE sources
(sometimes called superluminescent) designed for specific applications are available commercially

[4.17, 4.18].

In our amplifier system an ASE source is used to produce a broadband (~20nm) input seed for the
high power double clad Er-Yb amplifier (EDFA). After amplification this broadband source is used to
pump the Raman amplifier. The large bandwidth is needed to prevent stimulated Brillouin scattering

from becoming a problem in the Raman amplifier at the pump wavelength.

A schematic of our ASE source can be seen in figure 4.6. It consists of a 5Sm length of single mode
erbium doped fibre (Nufern, EDFC-980-HC) which is pumped by a 20mW single mode 980nm diode
laser through a 980/1550nm fused fibre wavelength division multiplexer WDM (Gooch and Housego
(Torquay)). The erbium fibre emits a broad spectrum of light across its gain spectrum via spontaneous
emission. This is then amplified by stimulated emission to produce ASE. The 980/1550nm WDM
between the pump laser and erbium fibre prevents the ASE travelling back toward the pump diode
(where it may cause problems). The 1550nm arm of the WDM has a straight cleave so that ~4% of the
ASE travelling in this direction was reflected back through the erbium fibre where it can cause further
stimulated emission in the forward direction and contribute to the output. A course wavelength
division multiplexing (CWDM) filter with a centre wavelength around 1550nm and a pass band of
almost 20nm was used to shape the spectrum for input into the EDFA so that it is ideally suited for

Raman amplification later.

A 1% 1550nm tap was used to monitor the output power of the ASE source. During testing (before
connecting the ASE source to the EDFA) the output arm of the 1% tap was angle cleaved to prevent
back reflections. Back reflections from this end would have formed a cavity which could have resulted
in spurious lasing at much lower output powers. In-line fibre isolators were incorporated into the
design later to prevent feedback from the high power EDFA. It should be noted that except for the
erbium fibre all other fibre was Corning SMF 28e.
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The output power of the ASE source with pump power and the optical-to-optical conversion
efficiency is shown in figure 4.7. The maximum output power is just over SmW and is limited by the

available pump power. Figure 4.8 shows the spectrum of the ASE seed at full output power.

20mW
980/1550 1550nm 1550nm
980nm
Pump nm CWDM  [solator Isolator ~ 0-1% tap ASE Output
—> [ \/ \/ — —
Diode L A R - - . L
5m Er
Doped Fibre
1550nm arm ASE
straight y detector
Figure 4.6: ASE seed schematic.
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Figure 4.7: Pump-Output characteristics (red) and conversion efficiency (blue) of ASE seed.
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Figure 4.8: ASE seed spectrum at SmW output power.

4.5.2 High Power Erbium-Ytterbium Fibre Amplifier

The next section of our amplifier system is the erbium-ytterbium double clad fibre amplifier. This
takes the broadband seed signal from the ASE source and amplifies it to a high power. This is used as

the pump for the final stage 1651nm Raman amplifier.

A schematic of the erbium-ytterbium amplifier can be seen in figure 4.9. The ASE output is spliced
into a 6+1x1 pump combiner with signal feed through (Gooch and Housego (Torquay)). This
combiner has 7 input fibres, 6 multimode inputs with 105/125um 0.22NA fibre and one single-mode
signal fibre (SMF28e). The output fibre of the combiner is a single-mode double clad fibre (DCF).
This combiner allows the ASE seed signal to pass through into the single-mode core of the DCF and
couples the pump diode light from the six multimode inputs into the inner cladding of the DCF. Pump
light for our Er-Yb amplifier is provided by four 8.5W 915nm diodes (JDSU, L3 series) with
105/125um 0.22NA fibre.

The DCF output of the combiner is then spliced to a 10.5m length of double clad ErYb doped fibre
(Nufern, MM-EYDEF-12/130-HE). This fibre has a 12um core which is few-moded at 1550nm and a
130um cladding to guide the pump light. The larger core of this fibre increases the overlap between
the dopants in the core and the pump light in the cladding, this increases the absorption efficiency of
the fibre so that a shorter length of fibre can be used in the amplifier. The downside is that the loss at
the splice between the ErYb DCF and the single-mode SMF28e afterwards is increased because

higher order modes are stripped out.
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A 5W inline fibre isolator (OFR, I0-K-1064) after the ErYb DCF stops back reflected light from
entering the gain fibre. In a fibre system back reflected light can arise from many sources including
Fresnel reflection from the silica-air interface at the output of a cleaved fibre; reflection from a
refractive index variation at a splice between fibres; Rayleigh backscatter, spontaneous emission and
ASE in a doped fibre, Brillouin scattering and Raman scattering. Back reflected light interferes with

the operation of an amplifier in several ways,

If the frequency of light is within the gain bandwidth of the amplifier then it will be amplified. This
creates ASE and increases the noise in the system. If the intensity of backscattered light is high
enough then it will deplete the population inversion in the amplifier available for signal gain.

It can also cause instability in the seed laser which operates at a much lower power than the amplifier
and is sensitive to back reflected light. In the extreme case amplified light can reach a level where it

causes damage to the pump and seed sources.

A 1550nm 0.1% tap is spliced onto the output of the ErYb amplifier for power monitoring. The pump
power characteristics of the erbium ytterbium amplifier can be seen in figure 4.10. The maximum
output power of the amplifier was around 6W and this was limited by the available pump power. The

optical-to-optical conversion efficiency at full output was around 18%.

The spectrum of the EDFA at SW output is shown in figure 4.11. The spectrum of the EDFA
operating at full power matches the ASE seed spectra (figure 4.8) quite well. The increase in the peak
height at 1545nm is thought to be the result of a combination of things including the spectral gain

variation of the Er-Yb doped fibre or an artefact of the wavelength variation of the monitoring 0.1%

tap.
| o 1550nm 1550nm
ASE output Combiner @ Isolator 0.1% tap Output
—> X X 1 |
915nm Pump 1550nm
Diodes Ptot Detector

Figure 4.9: Schematic of high power EDFA.
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4.5.3 Counter Propagating Raman Fibre Amplifier

The final section of the system is a counter-propagating Raman fibre amplifier. This amplifies the
output of our narrow linewidth 1651nm DFB laser to be used for gas sensing. In a counter-
propagating amplifier the signal light travels in the opposite direction to the pump light. This
decreases the efficiency of amplification, compared to the co-propagating configuration, but increases
the noise performance because transfer of relative intensity noise (RIN) from the pump laser to the
signal is smaller. It is also believed that a counter-propagating amplifier can have a higher ultimate
output power than a co-propagating amplifier because the effect of Raman amplification between the
pump and backscattered wave is smaller. Results of the amplifier in a co-propagating configuration

are shown in section 4.5.4.

Figure 4.12 shows the layout of the counter-propagating Raman amplifier. The 1550nm pump from
the EDFA is spliced into the 1550nm carrying arm of a 1550/1650nm WDM. The 1550/1650nm
common output of the WDM is then spliced onto a 4.5km length of dispersion shifted fibre (DSF)
(Sumitomo). The DSF is where the Raman amplification takes place. Dispersion shifted fibre has a
higher Raman gain coefficient at 1650nm than smf28e. This is because the fibre is doped with
Germanium to shift the zero dispersion wavelength. It also has a smaller core size and mode field
diameter which also enhances Raman gain. The length of dispersion shifted fibre was chosen to
optimise Raman conversion for our pump and input signal powers as shown in sections 3.8 and 4.4.
This length was calculated initially from modelling and then optimised empirically through

measurements made by David Mitchell at Strathclyde University.

The residual pump then passes through another 1550/1650nm WDM and exits through the 1550nm
arm. A 0.1% tap monitors the power of the residual pump; the rest is absorbed in a beam dump. The
measurement of residual pump is a useful indicator that the Raman amplifier is operating correctly. In
a counterpropagating Raman amplifier the absorption of pump and signal are both very small and

complete conversion from the pump to the signal is not possible.

The 1651nm signal enters the Raman amplifier through the 1650nm arm of the second WDM. Along
this arm is an inline isolator to stop back reflected light from entering the seed diode and a 0.1% tap.
The 0.1% tap is orientated to detect light travelling towards the 1650nm seed diode. The purpose of
this tap is to detect stimulated Brillouin scattering. After the WDM the signal travels through the
4.5km DSF fibre in the opposite direction to the pump and is amplified. The second WDM de-
multiplexes the signal and pump. The amplified signal passes through a 0.1% tap to monitor the

power and exits the amplifier as a free space beam ready to be used for remote methane sensing.

The 1651nm seed signal is from a 10mW distributed feedback (DFB) diode laser. As mentioned

earlier DFB lasers are ideal for tuneable diode laser absorption spectroscopy because they have

68



narrow linewidths (~10-100MHz), compared to absorption linewidths (several GHz), and their
wavelength can be rapidly dithered and tuned via their injection current over a range of about +2nm

from their central wavelength.

The DFB is connected via a bias-T to a function generator which can apply a dither of between 0 and
100mA pk-pk from 1kHz to 1MHz. The dither is necessary to suppress SBS at the 1650nm
wavelength because of the narrow line width of the DFB laser. The dither suppresses SBS by
introducing a range of frequencies into the fibre. This artificially broadens the linewidth of the laser
by the range of frequencies propagating within the fibre at any instantaneous time. For optimum SBS
suppression the dither frequency should be chosen so that a full modulation cycle (and hence all
spectral components) fit within the optical fibre at the same time. This will depend upon the effective
length of the fibre and the speed of light in the material (c/n). The minimum dither frequency f'is
given by [4.19]

c

= (4.10)
2nL

f

To optimally suppress SBS the dither depth should be as large as possible and the limit is set by the
frequency response of the DFB. However, for TDLS the dither depth is chosen to maximise the

second harmonic signal produced during absorption.

The output power characteristics of the Raman amplifier can be seen in figure 4.13. The maximum
output power is just under 2W at full pump power. The efficiency of the Raman process increases
rapidly at higher pump powers reaching over 30% at full power. The output power fits well with the
predictions of the model presented in section 4.4 with the parameters in table 4.2 for the DSF fibre.
The Brillouin gain coefficient was reduced to reflect the fact that the effective bandwidth seen in the

fibre is much larger than the instantaneous bandwidth (equation 3.31).

The backscattered power versus pump power can be seen in figure 4.13. The backscattered power
increases rapidly with increasing power, at 2W output power the SBS power is almost 20mW (1% of

the Raman amplifier power).

Parameter Value
Raman gain coefficient (gg) 1.8 m/W
Effective Brillouin gain coefficient 1E P m/W
Absorption at 1650nm 0.3dB/km
Absorption at 1550nm 0.2dB/km

Table 4.2: Parameters of DSF fibre.
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Figure 4.12: Counter-propagating Raman Amplifier.
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Figure 4.13: Output Power Vs Pump power of Raman amplifier.
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454  Co-propagating Raman Amplifier

The Raman amplifier was also tested in a co-propagating configuration with the pump and seed
injected from the same side of the DSF fibre. To achieve this, the system layout was modified as

shown in figure 4.15.

The output power characteristics of the co-propagating Raman amplifier are shown in figure 4.16.
These results show that Raman conversion is much more efficient in a co-propagating amplifier, with
output powers reaching 2.5W for our 6W pump (c. f. ~2W for counter-propagation). The reduction in
the rate of signal growth and efficiency seen after around 1.8W output power is because of the

increase in backscatter power shown in figure 4.17.

In a co-propagating amplifier the Raman amplification of Brillouin backscattered light is much
stronger than in a counter-propagating amplifier. This is because the backscattered light and pump
light are both highest at the input end of the fibre through where the SBS exits. At 2W output the
backscattered power in the co-propagating amplifier is around 40mW compared to 20mW for the

counter-propagating Raman amplifier at the same output power. This shows that the threshold power
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for SBS is lower in a co-propagating amplifier than a counter-propagating amplifier. Potentially this

could affect the ability of the fibre amplifier to track wavelength changes in the input signal.
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Figure 4.15: Co-propagating Raman Amplifier.
4500 45
|
A
4 ] 4
000 + Power = 0
3500 4 Model 35
% 3000 = Efficiency . N 30
= &
Q 2500 - . T 25>
> 500 5 3
0? * )
- 2000 205
a [ A * =
S 1500 15t
o
.
1000 u 10
500 L] = 5
[ - R
O M * T T T T T 0
0 1000 2000 3000 4000 5000 6000 7000

Pump Power (mW)

Figure 4.16: Output power characteristics of co-propagating Raman amplifier.
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4.6 Suitability for Methane Sensor — Testing of complete system

The modulation frequency and modulation depth of the DFB laser being amplified has a massive
effect on the onset of SBS in the Raman amplifier, because they affect the effective linewidth of the
laser source as seen by the amplifier fibre. They also have an effect on the sensitivity of TDLS. As
mentioned in section 3.1.2 the optimum modulation depth for the traditional TDLS method is around

m=2.2.

If the modulation frequency or modulation depth is decreased sufficiently then the suppression of SBS
is ineffective. At this point SBS kicks in and distorts the amplitude modulation of the output power.
The effect of changing the dither frequency and dither depth of the DFB laser can be seen in figures
4.18 and 4.19. From the work of Fishman [4.19], the optimum frequency for SBS suppression is
given by

2nL,, @.11)

Where
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Ly=—" (4.12)

If s is 0.002m™ and the length of our fibre is 4500m then the optimum dither frequency for SBS
suppression should be around 33kHz. This point is clearly visible in figure 4.18 and proves the

efficacy of this method of SBS suppression.

Altering the depth of the modulation dither changes the effective linewidth of the source. To a good
approximation the linewidth increases linearly with dither depth in the linear region of laser power-
wavelength-current response. At higher modulation frequencies and depths this generality breaks
down as the laser cannot respond to changes in its operating current quickly enough. As shown in
figure 4.19 the backscattered SBS power decreases significantly with dither depth/laser linewidth as
predicted by the theory, equation 3.31.
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Figure 4.18: Backscatter vs. dither Frequency. Dither 50mA pk-pk.
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To be useful for tuneable diode laser spectroscopy it is also important that the laser source can be
swept without distortion from the fibre amplifier. In section 3.2.2 a system was described that used an
EDFA to amplify a DFB laser for methane sensing [4.19]. They found that the temporal dynamics of
the gain in the EDFA distorted the modulation applied to the laser for wavelength modulation

spectroscopy.

The power of the amplified laser beam from our Raman amplifier was measured in the time domain
and as expected, from the almost instantaneous emission of Raman amplifiers, showed no distortion at
low powers. At high powers, greater than 1.2W, a slight distortion was seen in the output modulation
of the amplifier, shown in figure 4.20. This was measured by David Mitchell and Kevin Duffin at
Strathclyde University and was found to be attributable to multipath interference in the Raman

amplifier.

By tightly controlling splice loss and other possible sources of reflection within the fibre amplifier it
was found that the threshold power for this effect could be increased. At the extremes the onset power
of this effect is probably limited by Rayleigh backscatter from impurities in the fibre, a process known
as double Rayleigh scattering (DRS). It was found during investigation by David Mitchell and Kevin
Duffin that the effect could be reduced by increasing the dither depth (or modulation amplitude). This
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is believed to be because it changes the temporal coherence between the forward propagating and the

backscattered beams which take a different path through the amplifier system.
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Figure 4.20: Distortion to output waveform due to stimulated Brillouin scattering.
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Appendix A4.1: Final Design of Raman Amplifier System
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Chapter 5 - Construction and Testing of Prototype Methane Sensor

This chapter describes how the fibre amplifier system was constructed into a stand alone unit with all
the necessary electronics and controls for remote, single-end methane sensing. It also describes the
results of laboratory and field trials conducted at Strathclyde University. This chapter is structured as

follows:

e Section 5.1 - TDLS System - Describes how the amplifier system was built into a
19” rack with control and detection electronics.

e Section 5.2 — Operating Instruction

¢ Section 5.3 - Initial Demonstration of the TDLS System — Preliminary
measurements made at Gooch and Housego (Torquay).

e Section 5.4 - Laboratory Trials and Characterisation - Describes the results of
laboratory trials conducted at Strathclyde University.

e Section 5.5 - Field Trials - Describes the results of field trials conducted by
Strathclyde University.

e Section 5.6 — Summary

5.1 TDLS System

The final goal of this project was to produce a prototype system to demonstrate long-range methane
sensing using a Raman fibre amplified source in laboratory and field trials. The footprint of the
prototype was a 12U 19” rack cabinet with a separate unit for transmit and receive optics. The
prototype would be a “stand alone” unit containing all the electronics required to control the fibre
amplifier and to transmit, detect, and analyse the TDLS signal. Figure 5.1 shows the completed

prototype.

The prototype was constructed from several discrete modules units which were individually
constructed by the different project partners using their expertise. These were then integrated onsite at
Gooch and Housego (Torquay). This is partly the reason why a standardised 19” rack unit was chosen,
for ease of integration. It is also cheaper to build something using standard parts than to design and

construct a package “in house”.

The prototype, as shown in figure 5.1 can be deconstructed, on the basis of function, into four

different modules —

1) The optical amplifier system.

2) The amplifier control electronics
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3) The TDLS electronics.

4) The transmit and receive optics head

Module 1) the optical amplifier system contains the ASE source, Er-Yb amplifier and Raman
amplifier described in chapter 4. It also contains the four 8W pump diodes (JDSU, L3) for the Er-Yb
amplifier mounted on a heat sink with suitable forced air cooling. The 980nm single mode pump
diode for the ASE source is mounted on a control board with thermoelectric cooler in the TDLS
electronics module. The temperature of the TEC and the drive current set point are stored in memory
on the board so that the ASE source powers up immediately when the power is turned on. This
prevents the Er-Yb amplifier from being run with no seed, which could potentially result in parasitic
lasing and cause damage to the system. As an extra precaution a detector in the amplifier control

electronics module also stops this from occurring, providing an extra level of redundancy and safety.

A picture of the inside of the optical amplifier system is shown in figure 5.2 the 4.5km reel of DSF
fibre is prominent at the front. The components of the amplifier system are mounted to the three metal
base plates and the fibres are held in position with a low stress silicone epoxy. The routing of fibre is
especially important for the Raman amplifier, which because of the longer wavelength (165 1nm)
experiences greater bend sensitivity. The loops of fibre in the Raman amplifier were kept as large as

practical.

The output of the Raman amplifier (2W 1651nm) leaves the rack via an armoured cable at the rear of
the optical amplifier system. This connects to the transmit optics in the transmit/receive head by an
FC/APC connector. The tap outputs which were used for power monitoring during the lab build and
characterisation of the amplifier leave the rear of the optical amplifier module. These are connected to

the amplifier control electronics module which monitors and controls the amplifier.

Figure 5.1: Complete system for TDLS demonstrator.
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Figure 5.2: Inside the Optical amplifier system.

Module 2) the amplifier control electronics contains photodetectors and electronics which provide
closed loop control for the amplifier system output power. The control shelf also produces a soft
start/stop for the amplifier to protect the pump diodes, and incorporates a number of system alarms
and safety features, like a key and switch ignition and an emergency stop button. The amplifier control

electronics were designed and constructed by Ross Elliot and Jeffrey Marshall at Evanesco Ltd.

Figure 5.3 shows a schematic of the fibre amplifier system with the control electronics detector

positions and interconnections. There are five detectors in total

1) PASE detector — This detects the ASE seed output power. If this is not above a set threshold
then it will trigger an alarm and stop the Er-Yb amplifier pump lasers from powering up.
This ensures that the EDFA cannot be switched on without a seed laser being present and
protects the entire system from parasitic lasing (as mentioned earlier).

2) 1650nm Ptot detector — This measures the amplifier output power.

3) 1545nm Ptot detector — This measures the residual pump power left after the Raman
amplifier.

4) SBS detector - Detects the power of backscattered light from the Raman amplifier. If this
rises above a threshold level then it will trigger an alarm which cuts power to the Er-Yb
amplifier pump lasers.

5) Ptot detector — This detects the output power of the Er-Yb amplifier. This is used as the

feedback signal to maintain the amplifier at a set output power. If this output drops then the
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control electronics increase the drive current to the pump lasers. If the drive current increases

too much, indicating a problem with the amplifier, then the system shuts down.

The control shelf also detects the temperature of the heat sink that the pump diodes are mounted to. If
this gets too hot then the system shuts down and triggers an alarm. Alarms are indicated by LEDs on

the front panel of the control shelf.

An image of the inside of the control shelf can be seen in figure 5.4. The “key and button” ignition
are on the left of the front panel. On the right of the front panel is an emergency shut off switch. This
links up with another emergency shut down on the side of the transmit/receive head. The LEDs on the
front panel light if an alarm condition is breached. The alarm thresholds are set by the variable

resistors visible on the circuit board.

The fibre coupled photodetectors are connected to FC/APC bulkheads on the rear of the rack. A 15-
pin D-sub connects to the driver (Lumina, LD150-10-15) for the Er-Yb amplifier pump diodes.

Another 15-pin D-sub carries the output photodiode signals so they can be monitored remotely.
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Figure 5.3: Schematic of fibre amplifier system and control electronics. [5.1]
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Figure 5.4: Inside the amplifier control rack.

Module 3) the TDLS electronics rack was developed by Optosci Ltd. and could be viewed as a
complete TDLS system. It contains a 1651nm DFB laser, signal generator and lock-in amplifier.
These occupy separate modules in the rack and can be clearly seen in the photo (figure 5.5) and on the

schematic (figure 5.6).

The module on the left contains the 10mW 1651nm DFB laser with current driver and temperature
controller. This is connected into the Raman amplifier to be amplified to 2W for the long range TDLS

system.

The module next to this contains a signal generator which produces the low frequency ramp and high
frequency dither that are applied to the DFB for TDLS-WMS. The function generator also has two
outputs which output a signal at 1x and 2x the dither frequency. The phase of these outputs can be

controlled and they act as reference signals for the lock-in amplifier.

The last module in the TDLS electronics rack is the lock in amplifier that is used to recover the 1f and
2f TDLS signal. This has two inputs for the 1f and 2f reference signals and 3 outputs for the raw
photodiode output and 1f demodulated and 2f demodulated signals. These are fed into an electronic

oscilloscope (Picoscope) shown in the top right of figure 5.5 for analysis by software.
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The modules of the rack connect to a PC through a common USB interface (on the right) for control

by software.

Figure 5.5: Photograph of TDLS electronics rack.
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Figure 5.6: Block Diagram Schematic of TDLS electronics rack.
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Module 4) the transmit and receive optics module contains a Kepler type telescope to expand and
collimate the output of the Raman amplifier. Producing a 3cm beam at 10m from the optical head. It
also contains a 12” Fresnel lens (Edmund Optics) to collect the backscattered light from topographic
targets and an InGaAs photoreciever with pre-amplifier (PDA-10CS, Thorlabs). Figure 5.7 shows the

inside of the transmit and receive optics module.

The output of the photoreceiver is transmitted to the lock in amplifier to be demodulated. The raw and
demodulated signals are recorded by an oscilloscope onto the computer/laptop to be analysed. Figure
5.8 shows the analysis and system control software interface. The program REALMS PDRYV (on the
right in figure 5.8) sets the operating point, modulation frequency and modulation depth of the
1650nm DFB laser. It was also used to set the phase delay of the reference signal for 1f and 2f

demodulation at the lock in amplifier (LIA).

The Picoscope program (on the left in figure 5.8) displays raw and normalised linear traces of the
signals returned by the photodetector and lock-in amplifier. It calculates the path-length concentration

product from these traces as discussed in chapter 2. These traces can also be saved.

"l{h btéreceiver

Figure 5.7: Inside the transmit/receive head unit. (picture Kevin Duffin)
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Figure 5.8: Computer Interface for the long range methane sensor.

5.2 Operating Instructions

In this section the operating procedure of the system is described, as it has to be switched on in a

certain order to operate. It also runs through the procedure for changing the output power of the

system.

Switching On

1) Plug in the rack system and head.

2) Connect to the PC and run the laser operating software.

3) Turn the 1550nm ASE lasers drive current up to 150mA using software.

4) Turn on the 1650nm laser at required drive current, dither frequency and depth using the

REALMS PDRYV software.

5) Turn the key on the lower shelf and push the red button.

6) The system will now ramp up until the required optical feedback is received and maintain

this optical feedback by adjusting the EDFA pump power accordingly as the system settles.

7) If an alarm triggers then the system will ramp down automatically.

86



If an alarm triggers a red LED indicator lights up on the front panel of the lower rack. There are four

alarms ASE, SBS, Current and Temperature.

e ASE triggers if the power of the ASE seed for the EDFA is insufficient.

e  SBS triggers if the backscattered power rises significantly.

¢  Current triggers if the drive current of the EDFA pump diodes required to maintain the
optical output of the EDFA at the right level, exceeds a preset maximum.

¢ Temperature triggers if the temperature of the pump diodes heat sink block rises to high.

The set points for the alarms are set at appropriate levels to protect the system. These may require

changing if the output power of the system is altered.

Changing Output Power

To increase/decrease the power of the amplifier system it is necessary to change the feedback level
which the closed loop electronics maintain. If increasing the power it may also be necessary to
increase the maximum current alarm set point. These actions require potentiometer levels to be

changed on the circuit board inside the control shelf.

The maximum current alarm set point is changed by the potentiometer nearest to the part of the circuit
labelled current. Whilst tweaking the potentiometer the control voltage can be measured between
ground and pin 2 of the output D-sub. The voltage measured here corresponds to the maximum diode
drive current. It is set so that 1V = 2A, 2V =4A, etc... Do not set current to exceed around 10.5A

(5.25V). This is the maximum operating current of the L3 diodes

The output power of the amplifier is changed using the potentiometer in the top left corner of the
raised board. Care needs to be taken as this will require changing with the system laser/amplifier
switched on. The output power of the amplifier can be monitored during this process and set to the

required new position.
If you cannot measure the output directly from the patchchord then you can measure the current

leaving the Lumina diode driver. The graph in figure 5.9 shows the relationship between drive current

and output power for the amplifier.
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Figure 5.9: Drive current Vs output power of completed amplifier system.
Switching Off

To turn off the system:

1) Turn the key on the lower rack and the amplifier will wind down.

2) ASE and 1650nm lasers can be shut down using the software controls (if necessary). If they
are left on when the power is switched off then they should power up to the previous set
values automatically when power is next supplied.

3) Unplug.

5.3 Initial demonstration of the TDLS System

After construction and an initial demonstration of the completed methane sensor at Gooch and
Housego (Torquay) the system was taken to Strathclyde University for laboratory testing and
characterisation. At this time I went to Strathclyde to setup the system and make some initial
measurements. This section will show the results of these measurements. It will also discuss some
changes which were made to the system at this time. Kevin Duffin and David Mitchell at Strathclyde
University helped with these measurements and later conducted more thorough laboratory trials and

fully characterised the system (section 5.4). They also took the system out for field trials (section 5.5).
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To make our initial measurements the system was set up in a lab with a range of 10.5m from the
optical head to a target backscatter surface. Target surfaces were a concrete block, white cardboard,
wood and a rusty metal plate. These all have different reflectance and were chosen to be
representative of targets which may be present during real operation. Methane samples of different
concentrations were placed into the beam path in front of the Fresnel collection lens - so that the light
makes only one pass through the sample. This was important because the methane samples were held

inside a Perspex cell with an attenuation of 67%. A diagram of the setup can be seen in figure 5.10.

The settings of the dither depth and dither frequency of the 1651nm laser and the phase of the

reference signals for the lock in amplifier were optimised to maximise the magnitude of the 2f TDLS
signal. This was done with a high concentration of methane in the beam path. These were then set for
the duration of the trials with dither frequency 377kHz and dither depth of 7.5mA pk-pk (modulation

index m~2.2). The low frequency sweep applied to the laser was at SHz.

An ideal example of a gas trace taken at high concentration and high power can be seen in figure 5.11.
The raw photodetector output (in blue) shows the applied modulations in the backscattered signal
received at the photodetector. The 377kHz modulation and SHz sweep applied to the DFB are clear.
The raw 1f and 2f signals (pink and red) show the demodulated outputs of the LIA with the

characteristic derivative shapes of the gas line.

The system was then run through a series of tests to see how well it performed. The first test,
described in section 5.3.1, showed detection of low concentration methane (100ppm.m above
background) at a target distance of 10m with a moderately high output power of 620mW. The second
test, section 5.3.2, used a low power output of 35mW to simulate detection over a longer range and

showed the ability to detect low concentration methane (100ppm.m above background) at 10m.

10.5m
ofp from amplifier

Gas Cell

4 JR—

/o)
/

Fresnel Lens

'E!eam Expander

Transmit/Recieve Head Target

Figure 5.10: Diagram of setup for laboratory trials of gas sensing system.
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10.13% CH4:N2 at atmospheric pressure and room temp, path length 10cm, target
distance 10.5m, target = concrete block, armoured patch O/P ~ 1.2W

40000

30000

20000 |

10000

Amplitude (a.u.)

-10000 ~

— RAWPD OP
-20000 — RAW 1f signal
— RAW 2f signal

-30000
Time index
Figure 5.11: Gas sensing measurement with 1.2W transmitted power and path length concentration of

10000ppm.m off a concrete backscatter target.

5.3.1. High Power — Low Concentration Measurements

The first test that we conducted with the methane sensor was to see if it could measure a 100ppm.m
sample of methane above background using a moderately high output power. The purpose of this
experiment was simply to demonstrate the principle of gas sensing and to test that the system was

operating as expected.

During these measurements the output power from the amplifier was set at a power of 620mW as
measured directly from the transmit/receive head. A gas sample of 1000ppm CH,4:N; inside a 10cm
deep Perspex cell, giving a path integrated concentration of 100 ppm.m, was placed in front of the
30cm Fresnel lens. The received signal power at the photodetector with the Perspex box in place

using the concrete target at a distance of 10m was 488nW (~1478nW without the perspex box).

The various targets were then tested in turn to see if they each returned enough signal light to allow
the methane sample to be detected. The received 1f and 2f signals from each target can be seen in
figures 5.12. In all cases the 1f and 2f signals can be clearly identified, signifying the presence of
methane in the optical path. The presence of the gas cell was easily distinguishable from background

in these measurements. This shows that we are far above the noise floor of the sensor.
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After this demonstration it was decided that the same measurement at lower output power would be

useful for comparison. Assuming that the returned backscattered power scales proportionally to the

output power, as discussed in section 3.3, then it should be possible to estimate the effective range of

the sensor simply by finding the minimum output power required to detect a known gas sample at a

shorter distance and extrapolating. The assumptions behind this will be discussed in more detail in

section 5.4.
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Figure 5.12: Measurements with different targets at high power — low concentration.
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5.3.2 Low Power — Low Concentration Measurements

To test the methane sensor nearer its limit of detection the output power from the transmit/receive
head was reduced from 620mW to 35mW. This would simulate a longer range to the target by
reducing the amount of received power at the detector. In theory the received power should scale
linearly with output power and according to an inverse square law with target distance (section 3.3).

Therefore, this reduction in power is equivalent to increasing the distance by a factor of 4.2.

To ensure that the amplifier gain had no effect on the output signal modulation between the two trials,
the output power of the amplifier was kept the same. The power was attenuated by inserting a 5% tap
coupler between the Raman amplifier and the transmit/receive head. The tap arm was then connected
to the collimator-telescope and the excess power dumped. The Perspex cell containing the 100ppm.m

sample of methane was placed in front of the Fresnel lens as before.

The received signal power from the concrete target was 151nW (457nW without the Perspex cell). It
was noted that the received power did not scale linearly with launch power— the reason for this is
thought to be due to the angular alignment of the transmitting telescope and Fresnel lens. Later during
full characterisation the telescope was changed to allow more alignment flexibility and the

relationship between output power, received power and distance were confirmed.

This received power was too low to produce a measurement, so the Perspex box was changed for a
Tedlar bag with the same path length but with a higher transmission of 78%. This increased the power
of the backscattered signal to 356nW. This was found to be adequate for detection and figure 5.13

shows the results of measurements off the different reflective targets.

From these measurements we can see that the transmit power needed for a detection limit of
100ppm.m above threshold for this setup lies somewhere between a received power of 151nW (with
Perspex cell) and 356nW (with Tedlar bag). If we ignore absorption in the Tedlar bag and assume that
the threshold is reached at around 30mW output power then this suggests a range of less than 100m at

2W output power.

The detection limit output power Py, at short range Ry, is related to the detection limit output

power Py, at long range Ry, by

2
Plong — ( Rlong j (51)
Pshort Rshort

Under the conditions that the backscattered power varies linearly with output power and to the inverse

square of distance.
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Previous experience at Strathclyde University suggested that our received powers were much lower

than expected. As mentioned earlier we suspect that this was because of the alignment of the Fresnel

lens and detector with the transmit telescope. After these trials the design of the optics in the

transmit/receive head were changed to allow more precise alignment and optimisation. Full

characterisation of the system was then undertaken at Strathclyde.
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Figure 5.13: Measurements with different targets at low power — low concentration.
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5.4 Laboratory Trials and Characterisation

At Strathclyde University a full characterisation of the system was undertaken. The aim was to find
the minimum transmit power required to be able to measure 10000ppm.m, 1000ppm.m and 100ppm.m
methane above background at a known range. The setup was very similar to the setup used in the
initial low power demonstration (figure 5.10) except the high power output of the amplifier was
attenuated with a 5% tap before being transmitted. A variable neutral density filter in the beam path

allowed the transmit power to be attenuated further and varied.

The transmit beam was attenuated until the signal to noise ratio of the first harmonic was reduced to
3:1. The 3:1 ratio was chosen for measurement consistency and represents what is deemed to be the
smallest resolvable signal. This was then recorded as the minimum transmit power required to detect
the methane sample. The power was then adjusted to account for the insertion loss of the Perspex
sample cell. Table 5.1 records the minimum transmitted power needed to measure 10000ppm.m,
1000ppm.m and 100ppm.m concentrations of methane using white card, concrete and a rusty metal

plate as backscatter targets.

You can see from this table that the minimum detectable transmit power required to detect a

100ppm.m increase in methane concentration above ambient is 3.3mW. This is much less than the
30mW measured in the preliminary trials (section 5.3). This shows the importance of being able to
optimise the alignment of the transmit telescope position and photodetector in the transmit/receive

head.

The table also shows that the minimum detectable transmit power is similar (usually the same) for all
three surfaces. This suggests that the component of backscatter that falls within the acceptance angle
of our collection lens from each target is comparable. I would guess that if we look at the angular
dependence of reflectance for these samples we would find that each has a large specular component.
This would also explain why the alignment of the transmitted beam and the Fresnel collection lens are

so important.

If we assume that 3.3mW is the lowest transmit power that we need to detect a 100ppm.m increase in
methane above background at 10m distance then to increase the distance to 100m (a factor of 10) we
would need a transmit power of around 350mW (from equation 5.1 — inverse square law). To increase
the distance to 200m then we would need a transmit power of 1.4W. This is comfortably within the
capabilities of the Raman amplifier system, which has a maximum output power of 2W. With 2W

power (and under lab conditions) we could potentially reach a range greater than 250m.
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ReALMS prototype Lab based system

Target Surface Gas Conc Min Detectabie Tx Power (mW) Min Detectable Tx Power (mW
« Paper 0000ppm.m 0.330 0269292
isty Plate 0.330 0269292
oncrete 0.330 0269292
& Paper 1000pom.m 0.455 1. 256696
Plate 0.495 1436224
ontrets 0.E6 1436224
te Papar 100ppm.m 33 3536583
Rusty Plaie 33 1.718683
33 37700588

Table 5.1: Summary of minimum detectable transmit powers for various gas concentrations and

target surfaces. [5.3]

The 2f signals obtained from the concrete block target for methane concentrations of 10,000ppm.m,
1000ppm.m and 100ppm.m are shown in figure 5.14. The same measurements using a rusty metal

target and a white card target are given in appendix AS5.1.

Figure 5.15 shows a comparison of a 100ppm.m and 200ppm.m measurement. The difference between
the two measurements is clearly resolvable. This confirms that the system is capable of resolving a
100ppm.m increase in methane concentration even when operating at near the noise floor. To make
this measurement two tedlar bags with path lengths of 10cm filled with 1000ppm CH4:N, were placed
in front of the Fresnel lens. The 200ppm.m measurement includes an additional 22% loss, due to the
second tedlar bag, which is not accounted for in the signal. So in a “real” application the difference

would be even larger.

The next step in the project was to take the completed system out for field trials. Unfortunately, before
this happened the amplifier system developed a fault and a fibre fuse initiated at a splice between the
double clad passive output fibre of the 6+1x1 pump combiner and the Er-Yb double clad fibre in the
erbium-ytterbium amplifier. At this point the inner cladding of the fibre is carrying more than 30W of
915nm pump light. At the splice any loss is coupled into the outer cladding where it is guided at the
fibre-air interface. Debris on the fibre can then couple out the light, where it may initiate damage. To
prevent this the splice was enclosed in a metal tube with an elastomer seal. It is thought that perhaps
condensation from the actively cooled heat sink on which the splice sat may have caused the failure.

Fortunately, the alarm system shutdown the pump diodes fast enough to prevent significant damage to

the rest of the system.
To allow field trials to take place the Er-Yb amplifier was replaced by a high power OEM amplifier

(Keyopsis) which was available at the University. This had a lower output power than the original Er-

Yb amplifier. To compensate for this the wavelength of the ASE seed was changed by replacing the
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1550nm CWDM filter with a 1531nm CWDM filter. This channelled more of the power into a
spectral region with higher Raman gain. Figure 5.16 shows the output power against pump power of
the Raman amplifier with the new seed and EDFA compared to the original system. You can see
straight away that the efficiency of the Raman amplifier has been improved greatly. With SW of pump
power it achieves 2.2W 1651nm output compared to 1.2W from the original system. The maximum
output using the SW EDFA and the 1530nm CWDM filtered seed is 2.4W. The maximum output of
the original system was 2W for 7.5W pump. If the 1531nm CWDM filter was used with the 7.5W Er-
Yb amplifier then we would expect even greater output power — probably pushing the ultimate limit

set by SBS.
The gas sensing performance of the modified system was then retested and the sensitivity was found

to be the same for a given output power as the original system. The system was now ready for field

trials.
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Figure 5.15: Measurement of 100ppm.m (in one tedlar bag) and 200ppm.m (in 2 tedlar bags) samples

above background.
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5.5 Field Trials

To demonstrate the operation of the methane sensor in a “real” environment it was taken out for field
trials in February 2009. The field trial location was a 5-hectare field near Falkirk chosen for its
remoteness, away from people and traffic that may be at risk from the high power laser. The intentions

of field trials were:

1. To increase the operating distance, beyond the length of the laboratory, to greater than 100m
to meet our original specification.

2. To compare the performance of the methane sensor against predictions from the laboratory
trials.

3. To see how the sensor performs under realistic conditions.

During field trials the system was set up in the back of a van with power provided by a petrol
generator. The target surfaces were placed on a stand and aligned with the output beam. To align the
reflective target the system was switched on with a 10,000ppm.m sample placed in the beam path. The
target surface was then moved into the beam path, when in the beam path a gas signal would be
measured. The target surface orientation was then manipulated to maximise the backscattered light.
The 10,000ppm.m sample was then swapped for a 100ppm.m sample to ensure that this could be

adequately detected.

CH4:N, samples were taken from Strathclyde University in Tedlar bags, the same type used during
laboratory trials. These were seen as more practical than using the Perspex cell as they have a lower
attenuation (22%) and are less permeable. The output power of the Raman amplifier was set to 1.9W
for the duration of the trials giving an effective transmit power of 1.5W when corrected for the 22%

attenuation by the Tedlar bag.

Photographs of the system in the rear of the van and the placement of a concrete target surface can be

seen in figure 5.17 (note the less than ideal weather conditions).

The target distance was increased until the 1f receiver signal had a signal-to-noise ratio of ~3:1. Using
a 100ppm.m CH4:N, sample and a concrete target this was determined to be at 105m. This is longer
than our original target distance of 100m, but shorter than the distance predicted from the laboratory
trials. Laboratory trials predict that with a 1.5W effective output power that our detection range should

be around 200m. There are potentially many reasons for this discrepancy:

1. It was noticed that the generator noise created a high DC background signal at the detector,

which reduced the SNR.
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2. Natural daylight conditions introduced a substantial and changing background signal at the
detector. A bandpass filter (Thorlabs) had previously been employed but this introduced
around a further 20% attenuation at 1650nm.

3. Natural daylight saturated the IR card making optimal alignment of the laser and target
difficult.

4. Alaser pointer that had been aligned with the beam at a distance of 76m in a long corridor at
the University failed to operate in the cold weather outside.

5. The Tedlar bags deflated over the course of the day and so lost concentration. They would
also have been diluted by air.

6. Rain created wet optics, targets and Tedlar sample bags. This would have altered the

reflection from the surfaces and caused scattering.

The graphs in figure 5.19 show the 1f traces from a concrete target with sample concentrations of
10,000ppm.m, 1000ppm.m and 100ppm.m. There is also a 1f trace of the background methane signal
— at this distance the background concentration is approximately 360ppm.m (1.7ppm over a 210m

path length). 1f traces from plywood and white card targets are in appendix AS.2.

The graph in figure 5.19 shows a comparison between the different concentration measurements made
using a plywood target to show the correlation between signal amplitude and concentration. Inset in
figure 5.19 is a comparison between the signal of a 100ppm.m measurement and the background
methane measurement. These look almost indistinguishable, however we have to take into account the
22% attenuation of the Tedlar bag which was present in the 100ppm.m measurement and not in the

background measurement.

Given the difficulties noted earlier we are confident that at 105m we should easily be able to resolve
an increase in methane of 100ppm.m. By removing sources of noise, better generator/power supply,
better 1651nm bandpass filter to reduce ambient light on the detector and operating in better

conditions (less wind and rain) then we are confident that the system should more closely match the

laboratory performance of the sensor and detect a 100ppm.m increases in methane at around 200m.

Other improvements to the system have the potential to increase the range and usability of the system

even further. These will be discussed in chapter 6.

As pointed out earlier I would like to thank David Mitchell and Kevin Duffin for their efforts in
making laboratory measurements and characterisation of the system and for conducting field trials in

the wind and rain.
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Figure 5.18: Measurements of 10,000ppm.m, 1000ppm.m, 100ppm.m methane samples made using

the demonstrator at 105m during field trials.
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Appendix AS.1: Laboratory methane concentration measurement off a rusty metal plate and white

card.
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Appendix AS.2: Field trial measurements at 105m range from plywood and white card.
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Chapter 6 - Conclusion

This chapter summarises the results and conclusions that can be drawn from the Raman fibre amplifier
build and prototype methane sensor development. It also includes suggestions for improvements to the

system and further development work that could be done to advance the system.

This chapter is structured as follows:

e Section 6.1 - Achievements of Raman Amplifier build - Summarises the achievements of
the Raman amplifier build.

e Section 6.2 - Achievements of System Integration -Summarises the achievements of the
integration of the system.

e Section 6.3 - Next Stage Improvements to the Methane Sensor - Puts forward
suggestions for improvements which could be made to the methane sensor.

e Section 6.4 - Would be interesting / Further work - Suggests possible next steps in the
development of the methane sensor including things which would be necessary for
commercialisation and additional features which could be useful to investigate and

demonstrate.

6.1 Achievements of Raman Amplifier build

The long range TDLS methane sensor that formed the principle output of this project required the
development of an advanced fibre amplifier system, with a high output power and a narrow linewidth
at 1651nm. It also needed to amplify the signal as the wavelength was dithered for TDLS without
distorting the output waveform. The completed amplifier utilised a combination of an Er-Yb amplifier
and a Raman amplifier (frequency shifter) to amplify a I0mW DFB laser to beyond 2W without

significantly degrading the narrow linewidth inherent to the DFB laser.

The amplifier system was constructed from commercial off the shelf fibres and parts and constitutes a
significant development in the use of Raman amplifiers for high power, narrow linewidth laser
amplification. Narrow linewidth Raman amplifiers are usually limited to much lower output powers
because of the onset of stimulated Brillouin scattering (SBS). To achieve amplification to these power

levels methods to suppress SBS were required.

The use of Raman amplifiers for narrow line width amplification has recently been reported at around
1178nm by Fang et. al. at the European Southern Observatory [6.1]. They also use dithering to
broaden the effective linewidth of the laser. They require a narrow linewidth for efficient second

harmonic generation in an external bulk optic cavity. Their end application is for use as a guide star
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targeting a Sodium absorption line at 589nm. They have so far achieved greater than 20W at 1178nm
(10W at 589nm) and have also (more recently) shown coherent beam combination of the Raman fibre

lasers [6.2, 6.3]

Our 2W 1651nm output significantly exceeded the 1W requirement which we estimated would be
needed to match at 100m the sensitivity of the short range 10m TDLS methane sensors already

commercially available (section 3.2).

The output power of the Raman amplifier in the original configuration (chapter 2) was limited only by
the available pump power from the 7W Er-Yb amplifier. When this malfunctioned it was replaced
with a commercial EDFA (Keyopsis) with an output power limited to around SW. To compensate for
the lower pump power the 1550nm CWDM filter in the ASE seed was replaced with a 1530nm
CWDM filter. This channelled more power into the optimal Raman gain wavelength around 1540nm
and increased the efficiency of the Raman amplifier considerably resulting in a maximum output of
2.36W. If this seed was used with the more powerful Er-Yb amplifier then 3W output would not seem
unreasonable — especially if additional SBS suppression techniques like fibre strain and temperature

distributions were used.

In the co-propagating configuration an output of 2.5W was reached before SBS threshold (assuming
threshold at 1% backscatter power). The threshold for SBS is lower in co-propagating amplifiers than
counter-propagating amplifiers because the interaction length in the fibre where both the Stokes and

Signal intensities are high is longer. This is illustrated in the results of the model (section 4.2).

A model of Raman amplification which incorporates stimulated Brillouin Scattering was developed
(section 4.4). This describes the processes within the amplifier well and predicts adequately the power

evolution of the pump, Raman and Brillouin waves in the Raman amplifier.

6.2 Achievements of System Integration

The amplifier system was integrated into a stand alone long range methane detector. This system
included electronics to monitor and control the fibre amplifier system providing closed loop power
control and safety shut-down and interlock features. It also included all the hardware required to
control the DFB laser for tuneable diode laser spectroscopy and a lock in amplifier and oscilloscope to
demodulate and output the 1f and 2f TDLS signals. A 12” Fresnel lens and InGaAs photodetector with
preamplifier were used to collect the backscattered light from topographic targets to make remote

measurements.
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The prototype system was characterised in a laboratory and it was found that 3.3mW was the
minimum transmit power required to detect a 100ppm.m increase in methane concentration above
background at a distance of 10.5m. From this we extrapolated that the system at 2W should be able to
achieve the same sensitivity at greater than 200m, assuming that the backscattered power follows a
square law relationship with distance. This is more than twice the original target distance of 100m that

was considered to be a reasonable height for a helicopter in flight.

The prototype system was taken out for field trials to demonstrate operation at full range. These
demonstrated detection of 100ppm.m methane from a range of surfaces including concrete, plywood
and a white card at a range of 105m. They also demonstrated detection of background methane at
~360ppm.m from all surfaces. The demonstration of the system at longer distances was hampered by
several unexpected problems which illustrate the difficulties in moving a system from the laboratory

to a real environment.

If a second prototype and set of field trials were to be attempted then several of these problems could
be rectified. The first problem was generator noise at the detector this was put down to poor running
efficiency on a rarely used generator, as the power rating of the generator far exceeded the load. A
new generator with better voltage/power regulation should solve this. The second problem was
changing ambient light conditions from daylight and moving clouds. This substantially raised the
background light level increasing noise. The solution to this is to use a band-pass filter centred on the
1651nm signal in front of the detector. Unfortunately, the band-pass filter that was chosen introduced
substantial loss (~20%) at 1651nm and so was not used. The other problems associated with the field
trials were logistical, like transporting methane samples to the test site, protecting the optics from rain

and aligning the output with the target. These could be overcome with extra resources and preparation.

Given these improvements it is believed that the system should be more than capable of detection of

100ppm.m methane above background at 200m.

6.3 Next Stage Improvements to the Methane Sensor

If the methane sensor was going to be taken through to a second prototype stage then a couple of other
improvements could/should be made to the design. Firstly the Er-Yb amplifier should be rebuilt with a
more robust splice between the Er-Yb fibre and the passive double clad fibre of the pump combiner.
The best way to achieve this is probably to perform the splice on a fusion rig and package the splice in
the same way as a high power pump combiner. It may even be possible to produce a pump combiner

with the Er-YD fibre as the output fibre.

115



The CWDM filter in the ASE seed should also be changed from the 1550nm channel to the 1530nm
channel. This would improve the efficiency of Raman amplification and allow the amplifier to reach
an even greater output power. Hopefully limited not by available pump power but by the onset of
nonlinear effects. It would then be possible to investigate other suppression techniques to push the
power even higher. Following these simple improvements the output power could be increased to 3W
or above. This would increase the range of the system, based on previous assumptions, to greater than

300m.

The next improvements to make would be to the send and receive optics. The first change would be to
replace the 12” Fresnel lens used to collect the backscattered light with a telescope or off-axis
parabolic mirror of the same size. The Fresnel lens that we used is made of Perspex and has an
attenuation of approximately 20% at 1650nm an off axis parabolic could potentially have a much
smaller attenuation. The other option would be to find a Fresnel lens from a material with lower
attenuation at 1650nm. This would increase the range and sensitivity of the methane sensor by

increasing collection efficiency at the detector.

In theory the received power should vary linearly with the transmitted power and to the inverse square

of distance. Therefore if the collection efficiency of the receive optics is increased by T% then the

distance can be increased by 1— (1/\/ 1-T)%.

Along a similar route the size of the Fresnel lens could be increased to capture light over a larger area.
Following the analysis in section 3.5 the power at the receiver is proportional to the area of the
collection lens. So, doubling the lens diameter improves collection by a factor of 4. This only works to
a point as generally the larger the lens the longer the focal length and the larger the focal spot (which

would overfill the detector).

Another improvement could be to use a cone concentrator at the detector. This would recover some of
the light which falls outside of the detector area. Takaya Iseki et. al. [6.4] use this approach for their
short range detector because it allows for efficient collection of reflections at both long and short
range without needing to alter the position of the photodetector to account for the change in focal

position.

The final improvement would be to bring the send and receive optics onto a single optical axis. This
would simplify the alignment of the system. With the send and receive optics on separate optical axis
the photodetector position has to be optimised every time the range to the target is changed. Placing
the send and receive optics on the same optical axis would help to eliminate this problem. However, if
the backscatter targets reflection has a large specular component then the angle to the surface will

always make a big difference to the received power.
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6.4 Further work

To extend the work even further it would be interesting to team the system up with a scanning system.
This could be used to visualise gas leaks from a distance as shown in the work of Miles Padgett et al
[6.5]. They used a rotating polygonal mirror to scan the beam over a grid and synchronized this with a
CCD camera. They overlaid the gas concentration measurements onto the CCD image to produce a

real time (several Hz) video of the gas leak.

If the system was to be used on an aircraft or fast moving vehicle then it would probably be necessary
to link the system with a GPS position. So that leak detections could be followed up easily by ground

based inspection and maintenance.

A very similar system to ours using an ytterbium amplifier to Raman amplify a DFB laser at 1.27um
for sensing of Oxygen has recently been reported [6.6]. This used two Raman amplifiers and two DFB
lasers, one online and one offline to produce a ratiometric gas measurement. We should in theory be
able to readily adapt our amplifier to this wavelength and demonstrate the powerful TDLS-WMS
technique. In theory we could target any gas with an absorption line at a wavelength within a Stokes

frequency shift of a rare earth fibre amplifier.

To lead us into the second project it is worth mentioning that a Faraday isolator on the output of the
amplifier would help prevent reflected light from re-entering the fibre and travelling the wrong way
through the amplifier. Light travelling in this direction depletes gain and changes the dynamics of the
amplifier and can destabilise the output. This would affect the sensitivity of the TDLS technique. In
extreme cases the reflected light can be amplified to such an extent that it can cause damage to the

pump and seed laser diodes in the amplifier.

During the first construction of the 7W EDFA we experienced multiple diode failures at the same
time. It is believed that this occurred because of back-reflected light from a fibre end which was not
angle cleaved. The rest of this thesis describes the development of a Faraday isolator for ytterbium
fibre amplifiers operating around 1060nm, but the basics of the design could be carried forward, with

a different choice of materials, to other wavelength ranges.
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Chapter 7 - Development of a Fibre-in Beam-out Isolator for Fibre Amplifiers

This chapter introduces the second project in this dissertation, to develop a Faraday isolator for use at
the output of high power fibre amplifiers and lasers. This was an internal project with the aim of
producing a completely new product and capability within Gooch and Housego. The project used

expertise from multiple sites across the Gooch and Housego Group.

This chapter introduces the background, motivation and aims of this project and is structured as

follows:

e Section 7.1 — Introduction — Describes the background to the project explaining the
need for a Faraday isolator.

e Section 7.2 — Outline of Isolator — Describes how we propose to address the problems
associated with making a high power isolator.

e Section 7.3 — Objectives — Lists the specific objectives of the project.

e Section 7.4 — Overview of following chapters

7.1 Introduction

Fibre lasers and amplifiers due to their high gain and wave-guiding nature are highly susceptible to
optical back-reflections. These can cause the laser output to destabilise and are often cited as a

damage mechanism, causing failure of the seed and pump diodes.

In a fibre amplifier system back-reflections generally arise at two points:

1) From the silica-air interface at the output end of the fibre; and

2) From external reflections off focussing optics and the work piece.

The first source of back reflections from the silica-air interface can easily be reduced by cleaving the
fibre at an angle, splicing a coreless section of fibre (an end-cap) onto the end of the fibre or by

depositing an anti-reflection (AR) coating onto the fibre/end-cap surface.

If we think about the structure of a single mode fibre then angle cleaving prevents back reflections by
altering the angular divergence of the reflected light with respect to the core, as demonstrated in figure
7.1a. The reflected light then falls outside of the numerical aperture of the core and is lost to the

cladding. Light in the cladding is quickly attenuated or can be stripped out with a high index coating.
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End-caps suppress back reflections by allowing the light to diverge away from the fibre core before
reflecting off the silica-air interface. The light travelling back towards the fibre then diverges further
so that most of the returned light does not couple into the core of the fibre, as shown in figure 7.1b.

The reflected light is lost as cladding modes which are quickly attenuated as before.

Anti-reflection (AR) coatings use interference to reduce the Fresnel reflection from the silica-air

boundary and can be applied to a perpendicularly cleaved fibre; an angle cleaved fibre or an end-cap.
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Figure 7.1: Suppression of back reflection using a) an angled cleave; and b) an end-cap. In each case

light in the core of the fibre is lost to the cladding (dotted lines)

The ratio of the output power from a fibre to the amount of back reflected light captured by the core of
the fibre is known as the return loss (or optical return loss) measured in decibels (dB) This is an
important measurement which is used to characterise fibre optic devices. Angled cleaves and end caps

have been shown to reduce optical return loss from around -14dB for a perpendicular cleave to below
-60dB [7.1].

The second source of back reflections from external optics and work pieces are more difficult to
eliminate. This is a consequence of optical reversibility and the fact that the optics designed to create
an image of the fibre core at the work piece will also image the work piece onto the fibre core. The
outcome of this is that any reflected light falling within the numerical aperture of the focussing lens

will automatically be refocused onto the fibre core.

The obvious way to minimise this is to angle the work piece and reduce specular reflection from the
optical system. However, this is not always desirable from a process point of view, especially when
working with highly reflective materials like copper. A more robust solution to the problem is to place
a non-reciprocal optical element in the beam path between the fibre and the work piece. This non
reciprocal element would be transparent to light travelling in one direction but opaque/reflective to

light travelling in the other direction. This non-reciprocal element is a Faraday isolator.

The aim of this project is to develop a fibre-in beam-out Faraday isolator to be used with fibre

amplifier systems for material processing. It would also be useful for fibre amplifier systems such as
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that described in chapters 1-6 of this thesis. The fibre isolator will target continuous wave and pulsed
fibre amplifiers with output powers of greater than SOW. These lasers require Faraday isolators for
robust operation and are currently underserved by device manufacturers. Though, since the project

began the number of manufacturers targeting this market has increased quickly [7.2-7.4].

The challenge of creating a Faraday isolator for high power operation comes down to the management
of thermal effects. Thermal effects disrupt the operation of a Faraday isolator by inducing unwanted
polarisation changes. These affect the isolation and insertion loss of the isolator. They also cause
thermal lensing which affects the application by changing the waist position and spot size of the

focussed beam.

In non-commercial (cost insensitive) applications these effects can be overcome by increasing the
beam size through the device. This decreases the light intensity and temperature gradients in the
device. However, this requires scaling of the Faraday isolator materials and considerably increases the
cost of the Faraday isolator. The alternative approach is to include compensation schemes which
counteract the unwanted effects, whilst keeping the isolator dimensions small. This approach,

although much more complex, should allow a Faraday isolator to be produced at an acceptable cost.

7.2 Outline of Proposed Isolator

To build an isolator which operates at S0W or more we assume that we will have to overcome thermal
effects caused by the small residual absorption in the optical components. The three most important
effects have been identified as thermal stress induced depolarisation, thermal lensing and the thermal

dispersion of the Verdet constant.

Thermal stress induced birefringence, as the name suggests, is birefringence which is created by
stresses induced by temperature rises and thermal gradients. These stresses are temperature dependent
and generally get worse with increasing temperature. The birefringence that they create changes the
polarisation of light as it passes through the material. In the case of an isolator this can have a

disastrous effect on the isolation, and a slight effect on the insertion loss.

Thermal stress induced birefringence also affects high power solid state lasers and consequently has
been well researched. Methods to compensate for thermal stress induced depolarisation include
splitting the gain medium into two identical pieces, with the same temperature profiles, separated by a
90° polarisation rotator; or rotating the beam through 90° and double passing the same element. If we
consider the birefringent crystal to be a phase plate with an arbitrary phase profile then double passing
after swapping the radial and tangential polarisation components effectively cancels any phase change

with an equal and opposite phase change on the second pass [7.5]. The same principals can be applied
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to Faraday isolators [7.6]. In the course of this work isolator designs which compensate for thermal

stress induced depolarisation will be discussed and analysed.

Thermal lensing is caused by the change in the refractive index of materials with temperature. If the
temperature gradients in a material are symmetric around the beam centre and parabolic, as is the case
with Gaussian pumping, then the refractive index of the material has a parabolic profile. This acts like
a lens duct and focuses the beam. The focal length of this lens is power dependent as more power
gives larger gradients. A method to compensate for thermal lensing by introducing an element with a
negative thermal lens and balancing positive and negative thermal lenses in the isolator will be tested

as part of the isolator development.

The thermal dispersion of the Verdet constant introduces non uniform rotation across the beam. This
causes a shift in the polarisation between different parts of the beam. At the polarisers this
“depolarisation” causes an increase in loss in the forward direction and transmission in the reverse

direction. A method to compensate for this loss will be discussed.

The isolator will be of a “traditional” polarisation-independent, bulk optic design coupled to a fibre
collimator. The aim is to have a power independent isolation of greater than 30dB up to SOW output
power and an insertion loss of less than 0.5dB to match up with the specification of commercially

available lower power isolators [7.2-7.4].

When this project was started the highest power commercially available fibre coupled isolators had
maximum average power handling of between 10W and 20W. However, in the last year several
companies have introduced higher power isolators with average power handling of 30W to 50W [7.2,
7.4]. The state of the art in non-commercial Faraday isolator development is being conducted for the
laser interferometers used in the gravitational wave observatories, especially LIGO, which are moving

to higher powers to increase sensitivity. These are described in more detail in section 8.5.

7.3 Objectives

The specific objectives of the project are:

To design and construct a polarisation independent faraday isolator with a fibre input.
To investigate Faraday isolator designs that compensate for thermal effects.

To implement thermal lens compensation on the isolator.

o=

To characterise the isolators performance up to (or greater than) SOW.
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7.4 Overview of following chapters

The rest of this project is discussed in chapters 8 to 11 of this thesis.

Chapter 8 describes the theory of the Faraday Effect and how it can be used to produce optical
isolators. It also discusses the thermal effects which affect the performance of Faraday isolators at

high powers.

Chapter 9 continues the discussion of thermal effects concentrating mostly on thermal lensing. It

describes how thermal lensing can be modelled, predicted, measured and compensated.

Chapter 10 Describes the design of the isolators that we built and examines the measurements made

to characterise them.

Chapter 11 concludes the project and looks at how the Faraday isolator could be advanced and how it

is being advanced in the future.
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Chapter 8 - Faraday Isolator Theory

This chapter explains the theory needed to understand the operation of a Faraday Isolator and
introduces the thermal effects which limit the operation of isolators at high power. The chapter

finishes with a brief overview of the state-of-the-art in Faraday isolator development.

This chapter is structured as follows:

¢ Sections 8.1 — Faraday Effect —Describes the Faraday Effect introducing key
concepts like the Verdet constant.

¢ Section 8.2 - Derivation of Becquerel’s Verdet Constant Expression —
Description of the origin of the Verdet constant.

e Section 8.3 — Faraday Isolators - Describes some basic theory required for an
understanding of the operation of an isolator.

¢ Section 8.4 - Thermal Effects in Faraday Isolators — Describes thermal effects in
Faraday isolators.

e Section 8.5 — State of the Art - Describes the state of the art in the field of isolator

development.

8.1 Faraday Effect

In 1845 Michael Faraday discovered that the plane of polarisation of light rotated as it passed through
a lead glass in the presence of a magnetic field, the “Faraday Effect” [8.1]. He attributed this to
circular birefringence, a difference in phase velocity between right and left circularly polarised light,

induced by the magnetic field. Empirically he found that the magnitude of rotation € was given by

6=VBl (8.1)

Where B is the magnitude of the magnetic field parallel to the light propagation direction, / is the
distance travelled in the material and V is a material proportionality constant known as the Verdet
constant. The Verdet constant is usually expressed in Radians T"'m™', and by convention is positive if

the rotation is clockwise when the light travels in the direction of the magnetic field. [8.2]

The Faraday Effect is unique from most other optical effects because the rotation it causes is non
reciprocal, i.e. it does not “undo” itself if the light travels through the material in the opposite
direction. Instead, the rotations add to give twice the rotation of a single pass. This can seem

counterintuitive from the dot product term in equation 8.1, since reversing the direction changes the
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sign of the vector and the sense of rotation of the light. This is resolved by looking at the effect from

two different reference frames, the lab frame and one which travels with the light.

If you were to “ride along” with the light through a Faraday material then you would see that the sense
of rotation changes with the direction of the magnetic field. The light would rotate clockwise when
travelling in the direction of the magnetic field vector and anti-clockwise when travelling in the
opposite direction. However, when viewed from a single direction (the “lab frame”) the sense of

rotation would appear to be independent of the direction in which the light was travelling.

A theoretical explanation for the origin of the Faraday Effect was not recognised until 1887 by
Becquerel. Becquerel used a classical model of electrons as a collection of harmonic oscillators and
realised that the difference in refractive index for left and right circularly polarised light was the result
of Larmor precession of electrons in the presence of a magnetic field. Arriving at an expression for the

Verdet constant [8.3, 8.4]

ed dn
y=_ 4t a (8.2)
2mc dA

Where e and m are the charge and mass of an electron, A is the wavelength, ¢ the speed of light, n the
refractive index and dn/dA is the wavelength dispersion of the refractive index.
8.2 Derivation of Becquerel’s Verdet Constant Expression

The electric field E(z,t) of an EM wave travelling in the z direction can be decomposed into 2

orthogonal components [8.5]

E(z,t)=XE (z,1)+ YE (z,1)
E (z,t)=E, "™ (8.3)

_ i(kz—at+¢)
E (z,t)=E,e

Where E, and Eg are the magnitudes of the x and y components respectively and ¢ is the phase

difference between E, and E,.

125



If there is no phase difference (¢=0) between the x and y components then the electric field vector
travelling in the z-direction traces out a straight line in the x/y plane with both position and time with

a relative slope given by E,/E,. Such a wave is said to be plane polarised.

If the phase difference between the x and y components is +7/2 (£90°) and E, = Ey then the electric
field vector traces out a circle in the x-y plane, like a corkscrew around the z-direction. Such a wave is
circularly polarised. By convention, a wave with an electric field which rotates in the clockwise

direction (0=+7/2) is right circularly polarised; a left-handed wave rotates anti-clockwise.
All other combinations of the electric field vector are described as elliptical polarisations.

It can readily be shown from equation 8.3 that a linearly polarised EM wave is produced by the
addition of equal magnitude left circularly and right circularly polarised waves, with a slope

determined by the phase difference between the two circularly polarised waves.

In a medium with circular birefringence left and right circularly polarised waves experience a different
refractive index. This creates a phase difference between the two circularly polarised waves which
manifests itself as a rotation of the plane of polarisation. The rotation angle 6 is given by (see

appendix A8.1)
7d
ﬁz(nR—nL)7 (8.4)

Where ny is the refractive index of the right circularly polarised wave and n, is the refractive index of
the left circularly polarised wave, d is the distance travelled through the medium and A is the

wavelength of light.

When a magnetic field is applied to a material the charged electrons (dipoles) preferentially align with

the magnetic field and precess at the Larmor frequency v,

_eB

= 8.5
dmm 6

Vi

where e and m are the electrons charge and mass and B is the magnitude of the magnetic field. Right
and left circularly polarised light travelling through the material will have effective frequencies shifted
up or down by the Larmor frequency respectively [8.3]. Since refractive index is frequency dependent

then

126



ng—n, =n(V+v,)—n(V-v,)

dn dn
ne—n, :(n(v)+—vLj—(n(V)——vLj (8.6)
dv dv

Ng—n, =2V, —

dv
Putting equations 8.5 and 8.6 into 8.4 and using the chain rule yields

6 :Lﬂ@Bd (8.7)
2mc  dA

Comparing to equation 8.1 gives Becquerels expression for the Verdet constant.

8.3 Faraday Isolators

The non-reciprocal rotation caused by the Faraday Effect can be used to make optical isolators. These
act like diodes for light and allow light to pass in just one direction, while blocking or redirecting light
from the other direction. The simplest design of a Faraday isolator can be seen in figure 8.1. In this
design, light travelling in the forward direction (from left to right) is vertically polarised by polariser
1, then rotated clockwise 45° by a Faraday rotator before passing through polariser 2 with its axis at
45° relative to polariser 1. Light travelling in the reverse direction (from right to left) is polarised at
45°°by polariser 2 then rotated anticlockwise 45° by the Faraday rotator so that it is horizontally

polarised and thus rejected/absorbed by polariser 1.

The downside of this simple isolator design is that it only works with a low insertion loss for an input
beam with a plane polarisation which can be aligned with the transmission axis of polariser 1, for this
reason it is known as a polarisation-sensitive isolator. This type of isolator would be suitable for use
with fibre lasers and amplifiers made from polarisation maintaining (PM) fibre. These have linearly

polarised outputs with high polarisation extinction ratio.

Polariser 1 45° Faraday Rotator Polariser 2

N

Figure 8.1: Faraday Isolator basic schematic
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However, most fibre lasers are not made from PM fibre and as a result will not work with the design
of isolator in figure 8.1. In general fibre lasers and amplifiers have a “random” time-varying
polarisation output. This means that the isolator design has to be made polarisation-insensitive. To
make a polarisation insensitive isolator we need to change the method of polarisation. The first
polariser needs to separate the input light into its two orthogonal polarisation states, so they can be
rotated separately by the Faraday rotator before being recombined by the second polariser. An

example of a polarisation insensitive isolator can be seen in figure 8.2.

The design in figure 8.2 uses birefringent wedges with different refractive index for the e- and o-
polarisation states to spatially separate (and recombine) the orthogonal polarisation states of the light
either side of a 45° Faraday rotator. The polarisation changes in the forward direction cause the beams
to recombine at the second birefringent wedge. In the reverse direction the beams do not recombine

and leave with an offset from the input.

Polarisation insensitive isolators are ideal for lasers with random or unpolarised outputs because they
will effectively transmit all polarisations of light. They may be unsuitable for polarised sources
because the different paths taken by the two orthogonal polarisation states can result in a phase change
between them which will change with temperature and wavelength. Thus the recombined output beam
may not have a well defined polarisation state. In polarisation insensitive isolators used in
telecommunications the optical path lengths through the device are often matched to prevent

polarisation mode dispersion. [8.6]

Pl
c
Birefringent Wedge Faraday Rotator Birefringent Wedge

:s -~
e

Figure 8.2: Polarisation Independent Faraday Isolator using birefringent wedges [8.6].

The material chosen for the Faraday rotator in an isolator should have a high Verdet constant V and
low absorption o at the isolation wavelength. A figure-of-merit often used to compare materials is

[8.7,8.8]
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FOM =K (8.8)

S

For high power applications it is also important that the Faraday material has a high laser induced
damage threshold, a low nonlinear refractive index n,, a low refractive index temperature dispersion
and a high thermal conductivity. In the 1pum region (of interest to this project) terbium gallium garnet
Tb;3Gas0;, (TGG) is the most commonly used material. TGG has a Verdet constant of around -40
RadT'm™ and in a well prepared sample can have an absorption of below 0.0015cm™ giving a FOM
of around 27. For comparison, terbium doped borosilicate glass which is often used for low power

applications has an FOM of around 7 [8.8].

The magnetic field around the Faraday rotator is generated with an assembly of permanent magnets,
most usually neodymium-iron-boron magnets. The magnet configuration is designed to maximise the
magnetic field strength through the Faraday rotator while maintaining good field uniformity across the
Faraday rotator. According to equation 8.1 the higher the field strength B the greater the rotation per
length. This allows the shortest Faraday rotators to be used and reduces the effects of parasitic
absorption and nonlinearities. The spatial uniformity of the magnetic field across the rotator is
important so that all parts of the beam rotate the same amount. This ensures optimum isolation and

insertion loss.

Additional components are often added to isolators to provide extra benefits. A rotatable waveplate
can be added, this allows the user to tune the isolator for maximum isolation over a range of
wavelengths and temperatures by compensating for non 45° rotations. This trades off some isolation
in the reverse direction for insertion loss in the forward direction. An optically active material with a
coefficient of rotation which varies with wavelength or temperature inversely to the Faraday rotator
can be used passively for this same purpose. The downside is that the isolator can only be optimised
for isolation or insertion loss (transmission) but not both and if insertion loss is optimised then the

isolation will vary with wavelength and temperature, and vice versa.
As fibre amplifier powers increase it becomes more and more difficult to find suitable materials from
which to construct a Faraday isolator. The main problem arises from self-heating of the Faraday

rotator by absorption. This creates thermal gradients and stresses in the Faraday rotator that induce

birefringence and form power dependent thermal lenses.

8.4 Thermal Effects in Faraday Isolators

At mid to high powers thermal issues become important to the efficient operation of a Faraday

isolator. These effects are caused by self-heating from optical absorption. The three most dominant
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effects are thermal stress induced birefringence, thermal lensing and the temperature coefficient of the
Verdet constant. This section introduces these effects — the theory behind why they occur and

methods which have (or could) be employed to mitigate them. The section is divided as follows:

e Section 8.4.1 describes thermal stress induced birefringence in detail.
e Section 8.4.2 describes thermal lensing.
e Section 8.4.3 describes the effect of the temperature coefficient of the Verdet

Constant.

Chapter 9 will expand on the theory of thermal lensing with a more theoretical treatment and provide

specifics about how it can be measured and compensated.

8.4.1 Thermal Stress Induced Depolarisation

The first thermal effect to become apparent as power increases is thermal stress induced birefringence.
In a Faraday isolator as power increases the temperature of materials increase because of absorption.
This causes thermal expansion and induces stress in the optical materials because different parts
expand more, or less, than others due to temperature gradients. This stress introduces unwanted linear
birefringence within the crystals which alters the polarisation state of the light as it travels through the
isolator and causes depolarisation. In the forward direction depolarised light (in the orthogonal
polarisation state) is lost at the polariser and increases the insertion loss. In the reverse direction

depolarised light passes through the polariser and reduces the isolation.

The distribution of stress birefringence in the crystal is dependent on the temperature distribution
within the crystal and on the orientation of the crystal axis (stress field) with regard to the input
polarisation. Mapping the depolarisation across the physical aperture of a TGG rod at the output end
of the rod there is a ‘cross pattern’ showing the worst regions of leakage at 90 degree intervals. In the
regions in between there is better performance (lower levels of spurious polarised light) because the
polarisation of the light in these regions has not been well aligned to the stress field. This
depolarisation pattern was shown theoretically and experimentally by Khazanov et. al., figure 8.3

[8.10].

The following parts of this section will discuss compensation of thermal stress induced birefringence

as applied to a) laser cavities and b) the Faraday isolator.
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Figure 8.3: Depolarisation distribution of Gaussian beam through a TGG rod a) theoretical and b)

experimental [8.10].

a) Thermal Stress Induced Birefringence Compensation in Laser Cavities

Stress induced birefringence is a common problem in single polarisation lasers; and as such several
compensation schemes have been developed. The simplest uses a rotating element, like a quartz
rotator, to swap the radial and tangential polarisation components between two identical laser rods
[8.11]. As shown in figure 8.4. The objective is to achieve an equal optical path length (phase
retardation) for both the tangential and radial polarisations through the two crystals. When this occurs
the birefringence in the first crystal is “cancelled” by birefringence with an equal and opposite effect
in the second. The efficacy of this method depends crucially on the stress distribution in both rods

having the same form and amplitude and also the modes of the laser in each rod matching spatially.

90° Quartz

HR Mirror Output Mirror
Rotator
Laser Rod Laser Rod
1 |_| | I >

Figure 8.4: Thermal birefringence compensated cavity using dual laser rods and a 90 degree quartz

rotator.

The same compensation method can be achieved in a single rod design by placing a 45° Faraday
rotator between the laser rod and HR mirror, as shown in figure 8.5. Unfolding the cavity reveals that
this is essentially the same as placing a 90° rotator between two laser rods with the added advantage of
simplicity in the cavity design. This is demonstrated in the work of Giuliani and Ristori [8.12] into
polarisation flip cavities. They use simple Jones matrix calculations to show that a wave A travelling
through a series of retardation plates and a 45° Faraday rotator exits as wave A’ with no phase

retardation, just a 90° rotation in the polarisation axis due to the Faraday rotator. In working through
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the derivation from the paper there are several typographic errors. The correct Jones Matrix for a

retardation plate [R.P.] should be

cos(%jﬂ'sin(gjcos(%r) ism[gjcos(za) y
_isin(gjcos(za) cos[gj—isin[%jcos@a)

[R.P.]=

The Jones matrix for a Faraday rotator [F.R.] is

(8.10)

{ cos@ sin 6’}
[F.R]=

—sin@ cosé

Using these two matrices it follows that a light wave A with an undetermined polarisation defined by

the vector
e ax i —
A :[ je"“” k) 8.11)
a

that travels through the system in figure 8.5 (Where the laser rod has been broken into a series of

retardation plates) is transformed to A’ by the Matrix operation

A=[RP], ,[RP], ,[FR[o-ss[RP], ,[RP], . A
, {o 1}4 3.12)
A= A

-1 0

The final matrix for the system has no dependence on the phase retardation plates because their effect
cancels on the second pass. The polarisation of the output light will simply have its radial and
tangential components swapped (rotated by 90°). Thus the action of double passing removes any
birefringence from the beam. Unfolding the cavity in figure 8.5 reveals that it is equivalent to the

double rod, 90° rotator design of figure §.4.
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Figure 8.5: Laser cavity with 45° Faraday rotator with laser rod broken into retardation plates. This is

the polarisation flip cavity analysed by Giuliani and Ristori [8.12].

Clarkson, Felgate and Hanna [8.13] describe how thermal stress birefringence can be largely
compensated in a linearly polarised laser cavity simply by placing a quarter wave plate between the
laser rod and high reflectivity mirror, figure 8.6. This double pass of a quarter plate introduces a T
phase shift for light polarised at 45° to the optical axis. This is equivalent to the 45° rotator in figure

8.5 for those components and consequently these will be perfectly compensated.

Polarisation states aligned with the quarter waveplate fast and slow axis will experience no rotation
and will not be compensated. Other polarisation states will be rotated by varying amounts given by
2¢, where ¢ is the angle between the polarisation direction and the slow axis of the quarter wave plate.

These will experience some compensation of depolarisation.

Fortunately, the principal axes of stress birefringence in a cylindrically symmetric system are along
the radial and tangential directions. This results in more depolarisation in the 45° components and so
compensation of these is much more important and this scheme can be very effective at reducing
depolarisation loss. If the cavity is unfolded then it is equivalent to two laser rods separated by a half-

wave plate

X Polariser Laser rod Mirror

Y
A

v \/4

Figure 8.6: Thermal Birefringence compensation using a quarter-wave plate [8.13].
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b) Thermal Stress Induced Birefringence Compensation in Faraday Isolators

The above analysis of birefringence compensation in laser cavities is also relevant for compensation
of thermally induced stress in Faraday isolators. The same principals can be applied to a Faraday
design if the 45° rotating element is split into two or more pieces with a polarisation rotating element
between. This has been analysed in detail by Khazanov et. al. for the configurations in figure 8.7

[8.14-8.17].
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Figure 8.7: Design of a) traditional Faraday isolator b) isolator with counter-rotating 22.5° Faraday
rotators and a half wave (A/2) plate and c) isolator with two 22.5° rotators separated by a quartz

rotator [8.27].
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In these designs the addition of a half wave plate leaves the polarisation state unaffected in the
forward direction. So that in the absence of thermal birefringence the light travelling in the forward
direction leaves with the same polarisation state as it started. In the reverse direction the polarisation is
rotated 90° and the light is reflected off the first polariser. Following the explanation (and notation) of
Khazanov if we consider the point A in the backward travelling light after the polariser where the

complex field amplitude is
E, =E X, (8.13)

where X, is a unit vector along the x axis. Then at point B (where the light should be rotated into the y-

axis) the depolarisation I is defined by

- ]2
‘EB.xo

I (8.14)

£

Where Ejy is the complex amplitude at point B of the return pass (figure 8.7) and can be found using
Jones Matrices. The Jones Matrix for a quartz rotator with a rotation of By and a half-wave plate with

an angle of B between its optical axis and the x-axis are given by

_|cos B, —sinf,
R('BR)_Lin,BR cos,BR}

cos2f, sin2f;
sin2f3, —cos2p,

(8.15)

L(IBL) :{

Following the work of Chen and Trabor [8.20] the Jones Matrix of a Faraday rotator with both wanted

circular birefringence and parasitic linear birefringence is

cot(éj—isin L cos(2W) _9 —i %sin(Z‘P)
(6 2 2 5 6
F =sin| — S S S S (8.16)
2 Ze 2 6in(2W) cot(—j + isin[ﬂj cos(2W¥)
o 6 2 2

Where Jy;, and J, are the phase shifts due to linear and circular birefringence, Y is the angle between

the intrinsic linear birefringence and the x-axis and
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8°=0, +6’ (8.17)
Using these matrices the complex field amplitude Eg at point B can be found for each of the three

designs in figure 8.7 (using subscript A,B,C for the three designs)

- T
EBA :L 8 jF( :Z’é‘ltnjEA

s - 0, V1 T 0,
E, =L~ |Flo=—- " || Z|F|d=","" |E 8.18
oG- S -2 e i
EBC=L3—”jF o=7 o R(ﬁ]F o= %,

8 8 2 8 8 2

Note that the quartz rotator in figure 8.7c is set to give a rotation of 67.5° (not 90°) for optimum
compensation. This is different to the laser rod equivalent examined earlier and accounts for the fact
that the Faraday rotators are rotating in the same direction and the beam has already been rotated by
22.5° by the first Faraday rotator. Plugging equations 8.18 into equation 8.14 allows us to calculate

the depolarisation, assuming that the entire beam sees the same birefringence.

If the birefringence varies across the beam cross section, as occurs in TGG, then over the entire beam
cross section the depolarisation is given by

r2

J.OM d(ﬂf Fe[_r‘%]m’r

y= (8.19)

7’2

J.OM d (oj: e(_r”erdr

The profile of linear phase retardation and y through a Faraday rotator of length L in the presence of

thermal stress and a temperature gradient dT/dr are given by

r

2 2 1/2
1+ & tan” (2¥ —26) IJ-r , dT
—_— ’/‘ —
1+tan’ (2% —26) O dr (8.20)
tan(2¥ —260) = &, tan(2¢ — 26)

5, (1) = 4z%Q[

Where r and @ are the polar coordinates which define the geometry of the system, 0 is the angle
between the crystal axis and the x-axis, & is a factor which takes account of the difference in

photoelastic constants along optical axis in an anisotropic material and Q is a stress-optic coefficient.

136



The temperature gradient in a cylindrical piece of TGG (assuming that the beam has a Gaussian

profile) is given by (section 9.1)

dT oF, —-r’
—=— 1-e 8.21
dr 27[10’[ Xp[ r? D ®2D

Where a is the absorption coefficient of the material, Py is the power of the laser beam, 1 is the 1/e

beam radius and k is the thermal conductivity.

Using the above equations the depolarisation y can be calculated for each of the three designs as

(assuming that &<<1)

A _ 7
Y,=Dp ﬁ{n@fz 1)co§(26? 4)}
%, = p‘*%[ﬁaz[l%fz +§4j+8b2§2 +6b2(1—§2)sin2(40—§3—12ab(§4 —l)si{w—%[ﬂ (8.22)
V4

LY

7[4

Where

2
A, =r{1—exp(_y)—1} D 0137
oly y exp(y) (8.23)

4
A= {1— XpCy) —1} D _ 0042
Oly y exp(y)

p=—"~H

The isolation is given by

I= —lOlog(lJ (8.24)
4

This analysis shows that depolarisation in the traditional “single” 45° rotator design isolator increases
with the square of the input power, absorption and crystal length. In both the compensated designs the
depolarisation y, and v, increase with the fourth power of these quantities. Fortunately, the starting
value of the depolarisation in the compensated dual rotator designs is much smaller than in the
traditional design. This is illustrated in figure 8.8 which shows the predicted isolation with power of
the three design variations. The parameters used in these calculations are appropriate for TGG and are

given in table 8.1. Note: These were plotted using the best case crystal orientation 0.
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The calculated isolation for the compensated schemes figures 8.7b and 8.7¢c are clearly much better
than the traditional. Design ¢ with a 90° quartz rotator and additive 22.5° Faraday rotators performs
slightly better than design b with a half wave plate and opposing 22.5° rotators. The reason for this is
the same as the cavity design of Hanna described earlier (figure 8.6). With a half wave plate the
polarisation components on axis are not “swapped” and so they are not compensated. This is still

significantly better than the uncompensated isolator.

A benefit of the half wave plate design is that it can be made with opposing magnets. This increases
the field strength through the magnet bores and reduces the length of Faraday material needed to
achieve the correct rotation. This decreases the amount of depolarisation and reduces the length of the

device. The relationship between isolation and Faraday rotator length is shown in figure 8.9.

Thermal Conductivity (Wm'K™) 7.4
Optical Absorption (m™) 0.1t00.4
Thermo-Optic Coefficient Q (K™) 2.1x10°
Anisotropy Factor & 2.25
dn/dT (K™) 16x10°
1/V)dv/dT) -3.47x107
Refractive Index @1064nm 1.954

Table 8.1: TGG parameters used in depolarisation model.
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Figure 8.8: Dependence of isolation on input power for the three isolator designs. TGG length of

40mm and best orientation angle.
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Figure 8.10: Dependence of isolation on <001> TGG axis orientation for the three isolator designs.
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Figure 8.11: Isolation of half wave plate compensated isolator using <001> TGG in the best and

worst orientation and using <111> TGG.

The depolarisation of the traditional isolator y, depends on where the <100> crystal axis is with
respect to the input polarisation. If <001> material is used then the TGG has to be rotated into the
correct orientation for optimum performance. The variation of isolation with angle is shown in figure
8.10. From equation 8.22 and figure 8.10 it is easy to see that the optimum angles for the traditional

design occur at
T
6,in = (4n— 1)§ n=-2,-1012.. (8.25)

So for a single rotation of the TGG crystal there are 4 orientations which will give the best isolation.

These correspond to rotations through the regions with the lowest depolarisations as seen in figure 8.3.
The good thing for our polarisation independent isolator is that these optimum positions are spaced by
90° so that we can achieve optimum isolation for both orthogonal polarisations at the same time in the

crystal.
Using TGG with the <111> orientation eliminates this sensitivity on orientation. The downside is that

the depolarisation is worse in this orientation to begin with. The isolation versus power calculated for

the <111> orientation is plotted in figure 8.11 alongside the “best” and “worst” case isolations for the
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<001> orientation. Expressions for the <111> orientation can be obtained from the <001> expressions

above by substituting [8.14]
=1 0—-0(1+28)/3 (8.26)

Isolator design b, like the traditional design, also has a dependence on the angle between the <001>
crystal axis and the input linear polarisation. This can be seen in the equation for 7y, and is plotted
alongside the angle variation of the traditional design in figure 8.10. This dependence is more
complicated than the traditional design and there are 8 minima per rotation of the TGG rods — this is
expected because it is where the input polarisation lines up with the areas of least depolarisation in

each rod. From equation 8.22 the minima can be found at

4_
0, =(n+§jf+l T aresin) 4 LN p= 21002 s2n
8)2 4|2 b(1-&)

Again, fortunately for a polarisation independent isolator the minima are spaced by 90° so you can

simultaneously achieve optimum isolation for both orthogonal polarisations.

Design ¢ has no dependence on 6. It is therefore not necessary to optimise the orientation of the
Faraday rotators. For this design the depolarisation for the <111>TGG and the <001> TGG is
identical. So for this design it is beneficial to use the <111> cut material because this requires no

mutual alignment of the two Faraday rotators.

The quartz rotator isolator works regardless of TGG rotation and is perfect for all input polarisations.
This is equivalent to the use of a quartz rotator between two rods in a laser cavity described earlier.
The use of a half wave plate reduces birefringence but is not perfect because the polarisation
components along the fast and slow axis of the half wave plate are not swapped. The angle that the
crystal stress fields makes with the input polarisation then becomes important. If the polarisation is
aligned with the regions of low birefringence in the crystal, along the nodes of the cross in figure 8.3,
then the compensation will be most effective. This is equivalent to the work of Hannah described

earlier where a half wave plate was inserted into a laser cavity.

One of the surprising results from this analysis is that the depolarisation, in any of the designs, does

not depend on the radius of the input beam.

In a polarisation independent isolator it is usual to have both orthogonal polarisations travel through

the same Faraday rotator. This complicates the temperature distribution in the material and affects the
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symmetry of stress fields. This is very difficult to analyse analytically and will reduce the isolation

slightly from the ideal case of Gaussian pumped, infinite cylinders analysed above.

8.4.2 Thermal Lens

The second thermal effect to become an issue as power increases is thermal lensing. Thermal lensing
describes a number of processes due to absorption heating, which result in the formation of a power-
dependent focal shift. The thermo-optic effect, the elasto-optic (photoelastic) effect and the shape

change of the sample through thermal expansion, especially “bulging” of the crystals end faces, have

been identified as the most important thermal lens contributing processes.

In a Gaussian pumped material the thermo-optic effect makes the greatest contribution to thermal
lensing [8.21]. The thermo-optic effect simply describes the change of a materials refractive index

with temperature and is characterised by the thermal dispersion of the material dn/dT.

If the material has a thermal gradient then through the thermo-optic effect it will also have a refractive
index gradient. In most cases the temperature profiles created by laser absorption are symmetric
around the beam centre and approximate well to a parabola. This creates a parabolic refractive index
profile similar to the type formed intentionally in a gradient index lens, with a magnitude proportional
to the amount of absorbed power. If the material has a positive dn/dT then it will form a converging
(positive) thermal lens. A material with a negative dn/dT will form a divergent (negative) thermal

lens.

The thermo optic effect is particularly bad for Gaussian beams because the intensity on axis is at its
“fundamental” highest for a given diameter. This produces a large radial temperature gradient and
strong thermal lensing. Top-hat beams, for obvious reasons would produce smaller temperature
gradients across the beam and show smaller lensing. Ambient increases in temperature increase the
optical path length through a sample, but do not create temperature gradients and therefore do not

contribute to thermal lensing.

If the thermal gradient is not symmetric around the beam centre then the thermo-optic effect will lead
to aberrations and beam steering. Also, in a crystal it is usual to have different dn/dT coefficients
along different axes. This causes the thermal lens focal length to vary along different directions of the
beam and can lead to astigmatism in the output beam. Fortunately, this can also be corrected by using
a two rod design and a rotator, so that both parts of the beam travel through the same optical path

length.

The change in refractive index at radial position r with a temperature T(r) is given by
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dn
A =—T 8.28
n, (r) T (r) (8.28)

The elasto-optic effect makes a smaller contribution to the thermal lens, estimated by Mansell et. al to
be about 1/5 the contribution of the thermo-optic effect in a Gaussian pumped rod of TGG [8.21]. The
elasto —optic effect describes how the refractive index of a material reacts to stress (which may be
caused by heating and expansion or contraction). It is closely related to the problem of thermal stress
induced depolarisation discussed in section 8.4.1 and is caught in equation 8.20 through the stress
optic constant Q and the anisotropy factor &. The change in refractive index due to stress in a material

is calculated by multiplying the strain tensor € by the photoelastic tensor p [8.19]

1
A—| =p,e (8.29)
(nZJ' p/ J

1

In a cubic isotropic material, for light polarised along the i axis this becomes
1,
n;, —n, :—Enopijgj (8.30)

This approximation is justified for terbium gallium garnet because it is only weakly anisotropic (the
difference between the photoelastic tensor coefficients (py;-pi2-2ps4) is very small. The change in
refractive index with temperature is then simply related to the change in stress induced by thermal

expansion. The stress tensor components can then be approximated by [8.18]
[
An, (r)= _EnoplzaAT(’”) (8.31)

A final effect which can be important, especially if there is high absorption in a small volume near the
surface of the material (like in a contaminated AR coating), can be shape changes or “bulging” at the
boundaries of the crystal. This effect, in the majority of cases, is also very small compared to the
thermal refractive index change of the thermo-optic effect. Mansell et. al. [2.18] argue that the
expansion is confined to a depth given by the Gaussian spot size, so that the change in optical path

length for a crystal is given by

AOPL

exp ansion

(r)=20nwAT(r) (8.32)
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The overall optical path length change due to thermal effects in a crystal are obtained through

AOPL(r) = An, (r)L+An,_,(r)L+AOPL__ ... () (8.33)

At moderate power levels thermal lensing is not a problem for the operation of the isolator, it does not
significantly affect isolation or insertion loss. It is more of a problem for end users of the isolator who
may want to operate the laser at several different power levels during a process. If the system they are
using has a strong thermal lens then the position of the work piece will have to be repositioned for
each power level for optimum performance. This reduces the flexibility of use for which fibre lasers
are well known. A major advantage of fibre lasers for processing is that they are intrinsically “free” of

thermal lensing because the beam parameters are determined by the fibre properties and not the cavity.

The possibility for compensation of thermal lensing within the isolator is interesting as it has never
been implemented on a commercial device. The basic idea of compensation is quite simple — you have
to induce a power dependent shift of the focal position in the opposite direction to the intrinsic thermal
lens. This can be achieved in several ways both actively and passively. In this context “active” means
introducing an adaptive element which has to be changed as power is increased to provide
compensation. This could include using a moveable lens, a writable phase plate or a deformable

mirror. Active compensation will be discussed in more detail in chapter 9.

Passive compensation requires no moveable or changing parts and can be achieved by introducing an
extra material into the isolator with a negative thermal dispersion dn/dT. This would create a thermal
lens with an equal magnitude, but opposite direction to the intrinsic thermal lens. That to a first
approximation will balance the focal shifts, assuming that the focal lengths of the thermal lenses are
much greater than the distance separating them. This idea seems to have been first implemented in an
Nd:YAG laser cavity using a polymer gel as the compensating material [8.22]. Since then it has been
demonstrated in high power, bulk optic, Faraday isolator designs using FK51 glass and deuterated

KDP [8.23, 8.24].

The passive methods clearly have an advantage of simplicity over active methods which rely on
moving optics, deformable mirrors and adaptive phase plates. The downside is that it can not
compensate for aberrations produced by thermal lensing. However, at these power levels abberations

are expected to be small.
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8.4.3  Thermal dependence of Verdet Constant and Magnetic Field Strength and

Compensation

The final thermal issue facing the Faraday isolator is the reduction in rotation (and hence isolation) of

the Faraday rotator as temperature increases. There are two effects which cause this:

1. The change in Verdet constant with temperature, dV/dT.

2. The change in magnetic field strength with temperature, dB/dT.

Ignoring the change in length with temperature the change of rotation in a Faraday material with

temperature is given by

1dé 1dB 1dV
—— =t —— (8.34)
0dT BdT V dT

where we have applied the chain rule to equation 8.1 following the example of Barnes and Petway
[8.20]. If we ignore temperature gradients then the polarisation rotation will change with temperature
uniformly across the beam, this will affect the isolation and insertion loss of the isolator. This effect is
quite significant in the isolator with a reduction in isolation of around 15dB in 20°C from the

optimised temperature.

To counter this effect the isolators can be optimised to produce maximum isolation at a slightly
elevated temperature, around which the isolator is expected to work during normal operation. This
provides a good compromise as most industrial lasers and isolators are used in well controlled
environments. Another solution is to insert a half wave plate between the polarisers that can be rotated
to make up for the change in rotation caused by the temperature effect. This trades off isolation in the
reverse against insertion loss in the forward direction. The downside of inserting a moveable wave
plate is that it requires manual optimisation and could result in “poor” or even no isolation if poorly
aligned. Rotating the wave plate automatically requires either an active temperature sensor and motor
or possibly a complex thermo-mechanical setup. These have the disadvantage of being complicated to

implement and design.
In the EGO gravitational wave interferometer isolation compensation for ambient increases in
temperature are made using a remotely tuneable half wave plate [8.21]. At 240W rotation of the half

wave plate recovers 7dB of isolation for an increase in insertion loss of just 2%.

Another compensation method involves moving the Faraday rotators further into the magnet core as

temperature increases. This increases the magnetic field strength and maintains the polarisation
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rotation of light as temperature increases. In theory this should provide good isolation-temperature
performance without affecting the insertion loss. The problem is that it requires a complex setup and
having moveable Faraday crystals may prevent effective heat sinking which would exacerbate other
thermal problems. Nevertheless, the possibility of passive compensation using this method and

bimetallic strips has been proposed [8.26].

Looking at equation 8.32 increasing the field strength with temperature effectively produces a positive
dB/dT which will compensate for a negative dV/dT. Compensating for a negative dV/dT will require
reducing the field strength with temperature. The aim of this compensation method is to balance the

right hand components of equation 8.32 by manipulating B and dB/dT so that

1 dB 1dv

=T (8.35)

B dT VvV dT
It could also be possible to achieve the same effect with a complicated magnet design. One possible
implementation of this could be to surround the magnets with a material (magnetic conductor) with
temperature dependant permeability. This would screen the magnetic flux at lower temperatures and
direct more flux through the central bore of the magnet as temperature increases. The advantage of
this scheme is that it requires no moving parts. The disadvantage is that we are limited on available

materials to make this work and it also increase the size of the isolator magnet ensemble.

The temperature dependence of the Verdet constant and magnetic field could also be compensated by
introducing an optically active component which is optically active with a temperature coefficient for
rotation opposite to d6/dT for the Faraday rotator. This would maintain the overall rotation within the
isolator in the reverse direction. However, because this rotation would be reciprocal it would also
introduce a small temperature dependent insertion loss in the forward direction, which may or may not
be acceptable. In terms of operation this method is equivalent to the first method of introducing a half

wave plate. However, it has the advantage of being entirely passive.

When we introduce temperature gradients into our explanation things get very complicated as we do
not have a homogenous change in rotation across the beam. Across the beam this results in localised
position dependent depolarisation at the polarisers. This reduces the effectiveness of many of the
compensation schemes envisaged above. Except the last scheme — if the absorption, thermal
conductivity, boundary conditions and temperature coefficients are matched in the Faraday rotator and
optically active material then they will have the same temperature distribution and rotate the local

depolarisation across the beam by the desired amount at each position.

However, for perfect compensation this relies on a complex (and fortuitous) coincidence in materials.

It also relies on the Verdet constant temperature dependence in the Faraday rotator and optically
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active material to be homogenous along crystal axis and not depend on the orientation of the material

to the input polarisation.

Compensating elements would also have to be taken into account for thermal stress depolarisation

compensation and thermal lens compensation.

8.5 State of the Art

The state of the art high power Faraday isolators are being constructed for the large gravitational wave
observatories — LIGO in USA, VIRGO in Europe and ACIGA in Australia. These observatories
consist of interferometers with arms several kilometres long and aim to detect theoretically predicted
gravitational waves through a minute change in path length. They use Faraday isolators to reduce

noise at various points in the interferometer.

To increase the sensitivity of these instruments they are moving to higher laser powers of between
50W and 200W. This increases the thermal problems seen in all components of the interferometer,
especially the Faraday Isolator which uses terbium gallium garnet (TGG) and has a moderate intrinsic
absorption at 1064nm. These problems like thermal lensing and thermal stress induced depolarisation

reduce the efficiency of coupling light into the interferometer cavities and increase noise.

These Faraday isolators are described in [8.14, 8.15, 8.23] and have been designed to maintain the
beam quality of the laser passing through them by compensating for thermal stress induced
depolarisation and thermal lensing. These isolators are not fibre coupled devices but except for the
collimator design are essentially the same as the type of isolator proposed in this project. They use the
isolator design shown in figure 8.7c with two 22.5° Faraday rotators with the same sense of rotation
separated by a 67.5° quartz rotator. Their operating wavelength is around 1064nm and they use TGG

as the Faraday material.

As mentioned in section 8.4.1 the advantage of the two rod design with the quartz rotator is that the
depolarisation does not depend on the angle the TGG rod axis makes with the input polarisation.
Using the [111] cut of TGG they also need not align the two TGG rods with respect to each other. The
design we plan to use is the one shown in figure 8.7b which uses two 22.5° Faraday rotators with
opposite sense of rotation separated by a half wave plate. The disadvantage of this design, as shown
by Khazanov [8.16] and in section 8.4.1 is that the isolation depends on the angle of incidence
between the input polarisation and the axis of the TGG crystal. It is also more efficient with the [001]
cut of TGG and so requires mutual alignment of the two TGG rods optical axis. The advantage of the
design in figure 8.7b is that the magnet arrangement can be made more powerful by having opposing

magnets. This increases the field strength through the TGG which allows us to use a shorter length
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and hence decrease depolarisation that way, since according to equation 8.22 the depolarisation of the

two “compensated” designs is proportional to L*.

This more powerful magnet arrangement is important in our application because the size of the
isolator is limited. Increased size is usually more expensive and less desirable. For the gravitational
wave application the size constraints are much less limited and so larger magnet ensembles can be
used to make up for the field strength. The lax requirement on length in their application probably
allows them to use a triple opposing magnet type design, or a five magnet design. This could combine
the advantages of using opposing magnets to increase the field strength and the quartz rotator design,

but would result in a longer device.

Using a complex arrangement of magnets and magnetic conductors they have produced a single
element Faraday isolator with a TGG crystal that is just 1 1mm long. The magnet design enhances the
field at the location of the TGG to a huge 2.1T. The finished design is capable of isolation of greater
than 30dB at 400W power in a 4.2mm diameter beam [8.25]. The disadvantage of this setup is the size

(10.5kg) which for obvious reasons is too heavy and expensive for most commercial applications.

They have also implemented compensation for thermal lensing using both FK51 glass and DKDP
crystal [8.23, 8.24]. They conclude that DKDP is more efficient for adaptive compensation because
the photoelastic effect in glass distorts the beam shape. DKDP causes less distortion of the beam
because of its natural birefringence which reduces the effect of thermally induced birefringence. Using
a gel as the compensating element, as has been done in laser cavities [8.22] should completely remove

the problem of stress induced birefringence.

All-fibre Faraday isolators which replace the bulk optic polarisers and the Faraday material with their
fibre optic counterparts have long drawn attention [8.27-8.30]. They have potential to be much
simpler to construct than bulk optic isolators and are intrinsically free of thermal lensing. The
disadvantage is their small Verdet constant and strong linear birefringence which tends to overwhelm
the Faraday rotation in the fibre and imposes a limit on the size of the device. In earlier designs using

single mode fibre several meters of fibre were required to produce 45° rotation.

In an early demonstration of Faraday rotation in fibre optic Turner and Stolen [8.17] showed that
Faraday rotation in optical fibres could be enhanced by alternating the magnetic field at intervals
equal to the fibre beat length. By using a combination of 14 alternating magnets with a period equal to
the beat frequency they were able to achieve 45° rotation in a 7m length of silica fibre. The Verdet

constant of silica at 632nm is just 3.6rad/T.m

Day et. al. [8.28] showed that the same effect to alternating the magnetic field could be achieved by

coiling the fibre inside a magnetic field with a coil radius given by the beat length of the fibre. They
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achieved 56° rotation in a fibre coil of 36 turns with a radius of 7.65mm. The downside of this device

was the bend loss induced in the fibre which introduced 6dB loss.

Recently Sun et. al. [8.29, 8.30] have demonstrated Faraday rotation in optical fibre with a high
doping concentration of terbium. Their fibre is doped with 65-wt%-Tb and has a Verdet constant of -
32.1rad/T.m which is 27 times larger than the Verdet constant of silica fibre (1.1rad/mT @ 1064nm)
and only 15% lower than the Verdet constant of TGG. With a 4cm length of terbium fibre they
achieved an isolation of over 19dB at 1054nm with an insertion loss of 6.1dB. The insertion loss was
dominated by loss in the chiral scattering grating fibre polarisers and they expect to be able to reduce

the loss to below 3dB soon.

The greatest advantage that all fibre Faraday isolators have over bulk optic isolators is that the light
remains in a fibre. This allows it to be spliced to other fibre outputs or further amplifier stages
directly. In-line bulk optic isolators require the light to exit the fibre and pass through a free space
isolator before being coupled back into fibre. This introduces substantial loss and is difficult at high
powers since lost light from misalignment goes into the cladding of the fibre and can easily cause
damage. The main use of a high power all-fibre isolator would therefore seem to be between amplifer

stages to prevent back reflected light and ASE.
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Appendix A8.1: Derivation of equation 8.4

An EM wave E(z,t) propagating in the z direction can be decomposed into two orthogonal

components E, and E,
E(z,t)=XE (z,t)+ YE (z,1)
E (z,t)=E, e "™ (AL.1)

E);(Z,t) — Eoyei(kz—a)t+¢)

Linearly polarised light can be made from a combination of right Ery and left E; y4 circularly polarised
light with the same magnitude. Using Euler’s formula and equation A1l.1 right and left circularly

polarised waves with magnitude A/2 can be expressed as

E, (z,1)= %cos(kRz - wt)g’+§cos(kRz -t +%)Z (A1.2)

E,, (z,t)= %cos(kLz - wt)g'+%cos(kLz - —%)Z (A1.3)

Where kg and k are the wavenumber of right and left circularly polarised light. From Equations A1.2
and A1.3

Eg, (z,1) =gcos(kRz—wt)i—gsin(kRz—a)t)l (Al.4)

E,, (z,1) =§cos(kLz—wt)g+§sin(kLz—a)t)l' (AL5)

Adding these two waves and using the trigonometric functions for cos+cos and sin+sin yields
Eqy(z,0)= Acos((kR;kL) z— wtj cos((kR;kL) z)i + Acos((kR;kL) s wt)sin((k";kL) z)j (AL6)

This is a plane wave (since there is no phase difference between the x and y components). The angle

that this wave makes to the y axis is given by

E _
0=tan‘1{E—y}=(kR—2kL)z=(nR—nL)% (A1.7)

In a material with circular birefringence the refractive index for right circularly polarised light ng is
not equal to the refractive index for left circularly polarised light n; . Therefore the angle of linear

polarisation rotates as the wave travels along the z direction.
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Chapter 9 - Thermal Lens Effect in Faraday Isolator

This Chapter describes the limitations imposed upon Faraday isolators by thermal effects as optical
power is increased. The chapter focuses mostly on thermal lensing; How to model thermal lensing?
How to measure thermal lensing? And how to compensate for thermal lensing?

This chapter is structured as follows:

e Section 9.1 — Thermal Gradients in Optical Materials - Introduces the theory of
thermal self-heating and the use of the thermal diffusion equation to calculate
temperature rises and gradients.

e Section 9.2 - Calculating Thermal Lens Focal Length - Describes how
temperature gradients create power dependent thermal lenses and how they can be
used to predict thermal lensing.

e Section 9.3 - Measuring Thermal Lens Power (Geometrical) - Describes the
geometrical method used to measure thermal lensing.

e Section 9.4 - Focal Shift in Terms of Rayleigh Length — Describes connection
between the two most common thermal lens measurands, dioptres per kW and
Rayleigh length per kW.

e Section 9.5 - Our Thermal Lens Measurement Setup — Describes the equipment
and procedure used to measure thermal lensing

e Section 9.6 - Other Thermal Lens Measurement Techniques — Literature review
of other methods used to measure thermal lensing.

e Section 9.7 - Thermal Lens Compensation — Describes use of negative dn/dT
material to compensate for thermal lensing.

e Section 9.8 - Temperature variation of the Verdet Constant and magnetic field

strength

9.1 Thermal Gradients in Optical Materials

As light passes through a medium it is absorbed. The amount of absorption is characterised by the

absorption coefficient o calculated from the Beer-Lambert Law
—od
I=1e¢ ©.1)

which relates the transmission of light through a sample (I/I) to the thickness of the sample d.
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The energy of the absorbed light, if not reradiated, is lost as heat. This creates temperature rises and
thermal gradients within the material. The temperature distribution in the material can be calculated

by solving the thermal diffusion equation [9.1]

T _ kV*T +Q 9.2)
ot

Where k is the thermal conductivity, T is the temperature and Q is the rate of heat generation per unit

volume.

The thermal diffusion equation is solvable analytically only for a small number of systems with
relatively simple geometries and boundary conditions. Complex heat transfer problems can be solved
numerically using finite element modelling and lots of thermal modelling packages are available for
this purpose [9.2, 9.3]. Fortunately, our problem is fairly simple and a semi-analytical solution is
possible for the steady state temperature distribution. The problem closely resembles the heating

associated with CW end pumping of a laser rod and is well understood [9.4-9.6].

In our isolator the TGG crystals are cylindrical rods with large(ish) length to diameter ratios and heat
sinking on the annular surface. The light which is causing the self heating comes from a single mode
optical fibre so its spatial distribution is closely described by a Gaussian. The light is collimated so

does not change spatially over the length of the TGG and the absorption of the TGG is small, so that

depletion is negligible. Under these conditions the heating term Q is given by

20P —2r?
o(r)= Zoexp( ,: J 9.3)
y 10} (0]

This is simply a Gaussian function with a beam width 2o (at the 1/e” intensity points), power P and

absorption coefficient o. This is simply the radial distribution of absorption (energy deposited) in the

TGG.

Putting (9.3) into (9.2) and expressing in cylindrical coordinates and steady state (dT/dt=0) yields

2
1d rd_Tj:_a Pozlexp _2L2 9.4)
rdr\ dr W k [

Where o is the absorption (m'l), Py is the power (W), 1y is the spot radius (m), k is the thermal

conductivity (Wm''k") and T(r) is the temperature rise at position r to be calculated.
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A semi-analytical solution for this equation can be found for the case of an infinite cylinder with

radius a, and Dirichlet boundary conditions at the surface so that Tyyface = Tamp [9.4, 9.5, 9.7]. Derived

P r 2r? 2a°
T(r)=—L|-2In| — |+ E. —E. +T 95
") 4%{ n(aj (w] (wﬂ o

Where E; is the exponential integral function

in appendix A9.1

E,(x)= r ert 9.6)

A plot of equation (9.5) can be seen in figure 9.1. With Py = 1000W, ®=0.5mm, 0=0.0015cm’™,

a=6mm and T, = 20°C and crystal radius 6mm.

Temperature rise (degrees)

25 13

foi]

S
Radius (mm)

Figure 9.1: Temperature profile
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9.2 Calculating Thermal Lens Focal Length

The radial temperature profile given by equation 9.5 gives rise to a radial refractive index profile in
the medium. This can be calculated from the thermal dispersion coefficient of the material (dn/dT) and

the intrinsic refractive index (ng). [9.4-9.7]
dn
n(ry=n, +—T(r) 9.7)
C o dr

Figure 9.2 shows the refractive index profile from the centre of the TGG rod out to 0.5mm which
would be produced in TGG by the temperature profile in figure 9.1, for TGG dn/dT =19.1x10° and n,
=1.95 at 1060nm. This is the section of the crystal through which the light travels. This has been fitted

with a polynomial of the form.

2

n(r) =n, —Enzr 9.8)

The use of the polynomial fit is necessary so that the thermal lens can be equated to a gradient index
lens. Gradient index lenses are easy to understand and have parabolic refractive index profiles of the
above type. Established theory can then be used to predict the focal length of the thermal lens and a
simple ray matrix approach used to reconstruct the measurement setup and make a prediction of the

expected position of the beam waist. The ray matrix for a gradient index lens is [9.8]

cos(z)  (nyy)” sin() ©9)
= (epsin(r)  cos()
Where
y="2
n,
The effective focal length of a grin lens of is given by
1
(9.10)

S e rsinG)

The focal length of the parabola in figure 9.2 is 0.53m. A more accurate approach would be to fit the

curve with a more appropriate polynomial and use a beam propagation or ray-tracing program (like
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Zemax) to model the resultant lens. This would have the added advantage of being able to model

complex temperature gradients and analyse aberrations.

0.000125 1

0.000124
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Change in Refractive Index
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Radius (mm)

Figure 9.2: Refractive index in centre of a 6mm radius TGG crystal heated by a 1kW Gaussian beam

with a spot size of Imm. Red — modelled refractive index. Green — fitted parabola.

Figure 9.3 shows the change of the dioptric power (1/f) of the thermal lens in the TGG with power.
The slope of this graph predicts about 8 Dioptres/kW.

| >
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Figure 9.3: Dioptric power of thermal lens against power in 30mm piece of TGG.
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The above discussion predicts the thermal lens focal length caused by the thermo-optic effect. It
ignores the other contributions made to the thermal lens by the photoelastic effect and thermal
expansion. However, Koechner [9.9] and Mansell [9.10] estimate that these effects will be small

(<20%) in comparison.

9.3 Measuring Thermal Lens Power (Geometrical)

The measurement of the focal length (or dioptric power) of a thermal lens in a sample involves
combining an accurate measurement of the position of the beam waist after the sample with
knowledge of the experimental setup, especially the beam parameters before the sample. The focal
length of the thermal lens can then be calculated by comparing the change in beam parameters before
and after the sample with what would be expected of a thin lens. Making this measurement at different
power levels gives the change in the focal length of the thermal lens as a function of the power, as
calculated by the model in figure 9.3. This would give a good measurement of the strength of the
thermal lens effect. However, this is a difficult measurement to make as it depends on good
characterisation of the beam in all parts of the test setup. It also involves a calculation approximating

the thermal lens with an aberration free thin lens.

A measurement of the shift in the focal position with power in mm/kW can be made more easily and
used directly as a measurement of the thermal lens. However, this measurement only allows
comparison of samples in the same setup, it is not universal. It does not allow comparison between
different systems without additional knowledge, for example a small shift in a beam with a short
Rayleigh length has a larger effect on the power density at the measurement plane than the same shift
in a beam with a long Rayleigh length. In order to compare different systems with different beam
parameters it is the quotient between the shift with power and the Rayleigh length of the output beam
which is important. The result is a distance moved in Rayleigh lengths per unit of power (Rz/kW)

which is invariant of the experimental setup (section 9.4).

The measurement of a shift in Rz/kW requires the simultaneous measurement of the beam waist
position and Rayleigh length of the output beam at each power level. These are both available from
measurements of the beam caustic (or M?). This is a measurement of the beam size ® along the beam

path and fits the well known equation for light propagation in the z direction [9.10].
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2 2 2
W =, + (z—zo) 9.11)
@,

This is a quadratic in z with a minimum at z, where M? is the beam propagation factor and «, is the
beam radius at the beam waist position. The M of a laser beam tells us how well it can be focused

compared to a Gaussian beam. A Gaussian beam has an M2 = 1, all other beams have M2>1.
According to ISO 11146 to calculate the M? of a laser beam the beam size should be measured at 10
points, 5 within £1 Rayleigh length of the waist and 5 greater than 1 Rayleigh length away from the
waist. The measured points can then be fit to equation 9.11 and the M? calculated. ISO 11146 also

stipulates that the beam size should be measured using the second moment definition. [9.11]

Expanding equation 9.11 produces

2 2 2
M?2 M?2 M?2
wzz( 2j 2+ —ZZO( j z+ ( ot 9.12)
T, 7w, 7w,

Comparing to a quadratic of the form

W’ =az*+bz +c 9.13)

It can easily be shown that

3 2
Z():_b , = C_b_ M2:1\/4ac—b2 Zr :l”ac_b_ (9.14)
2a 4a 24 a 4

To calculate these quantities an Excel spreadsheet was used. This took input measurements of the
beam size at different distances and returned the above quantities. Difference measurements of z,
between power levels were used to produce graphs of power change versus shift in waist position. The
waist position was normalised to the average of the Rayleigh lengths of the two measurements. The

gradient of the final graph gives a measurement of the thermal lens in Rz/kW.

This thermal lens measurement appears in several papers and conference proceedings [9.12, 9.13].
Other sources use the more traditional thermal lens measurement of focal length/dioptres and focus
position shift per kW. However, no sources were found to show the equality between the two. Section

9.4 will try to satisfy this with a geometrical argument.
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9.4 Focal Shift in Terms of Rayleigh Length

At this point we have a model which can calculate the focal length of a thermal lens from the
temperature profile and material properties of the TGG rod. From which we can extrapolate a
prediction of the thermal lens shift in units of dioptres/kW. We also have a simple method to measure
the thermal lens in units of Rayleigh length per kilowatt. What we now require is a transformation

which will allow comparison between the two.

d Fg

< »d [
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N
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d
<
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Figure 9.4: Two lens system used to derive argument to compare focal shift in Rz/kW to

Dioptres/kW.

In appendix 9.2 a geometrical argument based on a two lens system with one fixed lens and one

thermal lens, as shown in figure 9.4, is used to demonstrate that [9.14]

LA

= (9.15)
Zg, OP

<R

Here fg is the back focal length of the two lens system, f is the focal length of the thermal lens, P is the

power of the beam and zg; and zg, are the Rayleigh Lengths of the input and output beam respectively.
The LHS of equation 9.15 is the power dependent shift in Rayleigh lengths of the back focal length of

a two lens system with one power dependent thermal lens. The RHS is the change in focal power

(dioptres) of the thermal lens with power.
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This simple result shows that the shift in the thermal lens focal length in dioptres per kW multiplied
by the Rayleigh length of the input beams gives the thermal lens shift of the output beam waist in
units of Rayleigh length (of the final beam) per kW.

For an input beam with a diameter of Imm and an M* = 1 the Rayleigh range zg; = 0.78m. From
figure 9.3 the predicted shift in focal power of the induced thermal lens for a 30mm piece of TGG
with an absorption of 0.0015cm™ is around 8 Dioptres/kW. Therefore the change in focal position is

expected to be

P 078D /KW ~—6R,, /KW 9.16)

oP

The negative sign accounts for the fact that the thermal lens is positive and causes the focal plane to

move closer to the TGG rod.

9.5 Our Thermal Lens Measurement Setup — Equipment and procedure

To measure the focal shift created by a thermal lens a pyroelectric knife edge profiler (Nanoscan,
Photon Inc.) with a 9mm aperture and a Spum slit width is used. This detector is ideal because it
operatesover a large dynamic range of powers. This allows measurements to be made at different
locations along a focussed beam’s propagation without adding attenuation to deal with the higher
power densities at the focus. The operation space of the detector is shown in figure 9.5. If this was
done with a silicon or germanium detector then the power would need to be attenuated to below
10mW. This is possible using reflections; however care must be taken so that the attenuators don’t

induce significant levels of thermal lens or beam distortion/steering.
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NanoScan Operating Space Chart for Pyroelectric Detectors

9mm Aperture / 5um Slit

100KV ~ /
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- Power
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Beam Diameter (at 1/e? diamater in microns)

Pulsed Operation: Upper limit of the operating space for pulsed laser measurements.

Slit Damage: Power density (watts/cm? ) where one can begin to cut the slits. Refer to Photon's
Aperture Damage due to High Incident Power document.

Left Boundary: Smallest beam size limited to 4-5 times the slit width. Some models have another limit
due to electrical bandwidth.

Right Boundary: Instrument entrance aperture. The largest beam width (1/e2) will be the aperture
divided by 1.2-1.4.

Figure 9.5: Operatiing Space chart for Nanoscan pyroelectric scanning-slit detector
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o |
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lens rail

Figure 9.6: Setup for measurement of thermal lens from an isolator.
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The profiler is positioned on an automated rail system that can be accurately aligned with the beam
path. A plano-convex fused silica lens (f=100mm to 250mm) is used to form a focus over the rail, as
shown in figure 9.6. As the Nanoscan is moved along the rail, software records the beam diameter in
two orthogonal planes (x and y) at each position. The x and y planes are randomly orientated with
respect to the beam. These can be rotated to align with the “worst” axis in an astigmatic, non-circular

beam.

The beam radius squared (®.%) with distance along the rail for the x and y measurement planes for a
typical scan are shown in figure 9.7. These show excellent correlation with the parabola given by
equation 9.12. Using a least squares method the coefficients of the parabolas can easily be found and
from these the M7, waist position z,, waist size wy, divergence 8 and Rayleigh Length z, for each
plane can be extracted using equations 9.14. The circularity and astigmatism of the beam can also be

measured by comparing the two planes.

The parameters of the beam measured in figure 9.7 are shown in table 9.1. These correspond to M*
values of 3.84 and 3.88 for the x and y measurements respectively. Transformations using ray
matrices (or otherwise) can be used to calculate the beam parameters at any other part of the setup

from those measured.

These measurements and calculations are made at different power levels and the difference
measurements used to create graphs of the focal position shift normalised to the Rayleigh length with
power, like the one shown in figure 9.8. The gradient of the graph gives a measure of the thermal lens

in R,/kW which can be used to directly compare different setups.
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Figure 9.7: Measurement of beam radius with position made by Nanomodescan system.

a b c
X 5.73E-05 -1.77E-05 1.40E-06
y 5.46E-05 -1.68E-05 1.32E-06
X y
M*2 (y) 3.88 3.84
Z0 (mm) 153.49 154.83
WO (um) 178.75 172.71
Theta (rads) 0.00739 0.00757
Zr (mm) 24.19 22.81

Table 9.1: Coefficients of parabola fit for curves in figure 9.7 and calculated beam parameters.
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Figure 9.8: Example thermal lens measurement.

The isolators can be tested using either a 200W 1060nm CW ytterbium fibre laser or a 30W 1060nm
pulsed fibre laser. The pulsed fibre laser has a fibre output which can be directly spliced to a
collimator or isolator for testing. The fibre has a 35um core and a 330um cladding and supports

multiple propagation modes. The M of the light leaving the fibre is around 3.

The CW laser has a fibre with a 10um core and 330um cladding which is single mode. However, it is
spliced permanently to beam delivery optics. The output is a collimated Smm diameter beam that can
be reduced as necessary by a selection of lenses. The light can also be coupled into another 10/330um
fibre using a 40mm achromatic lens with about 75% efficiency. Using active water/air cooling and
stable stages we have managed to couple over 100W into a single mode fibre in this way. Coupling
20W can be achieved with a long term stability of <5% over several hundred hours. Figure 9.9 shows

the fibre coupling jig with water and forced air cooling.
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Figure 9.9: Fibre coupling jig with water (top) and forced air (bottom) cooling.
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9.6 Other Thermal Lens Measurement Techniques

A large number of other techniques have been used to measure the thermal lens effect. The simplest
and most common techniques use geometrical optics and measure the change in propagation of a laser

beam as it passes through a material with a thermal gradient.

D.C. Burnham [9.15] describes a simple method for measuring thermal lensing in a flash lamp
pumped laser rod. They measure the amount of light transmitted through an aperture at different
distances around the laser waist before and after a flash lamp pulse. Using this information they can
accurately determine the waist position of the laser transmitted through the rod with and without the
thermal lens. The focal length of the thermal lens can be calculated from the waist position with and
without a thermal lens created by the lamp pulse. This method has an additional benefit for pulsed

operation as it allows the transient effects of the thermal lens upon cooling to be evaluated.

Hu and Whinnery [9.16] describe a similar method where they measure the temporal response of light
passing through an aperture in the far field and calculate the change in divergence of the beam. They
use this to calculate the absorption of the sample. This method forms the basis of thermal lens
spectroscopy which is now commonly used to measure small absorption of highly transparent
materials. Using thermal lens techniques absorption coefficients down to 10”7 °can be measured. Good
reviews of thermal lens spectroscopy and other photothermal techniques can be found in the literature

[9.18,9.19]

Dual beam pump-probe setups are often used for their increased flexibility when measuring transient
properties. Pump-probe methods allow continuous monitoring of a low power probe beam with a
pulsed pump and so allow the measurement of transient thermal lenses during a pulse and relaxation
after the pulse. They also allow different pump probe geometries to be tested. This may be important
for studies of laser rods in cavities as the pump and signals are often optimised to have different
diameters. These are explained in [9.18, 9.19]. As a further example Nunes et. al. [9.20] use a mode

mismatched pump-probe technique to measure the thermal properties of Nd:YAG.

Blomster et. al. [9.12] make the equivalent measurement to ours. However, instead of measuring the
pump beam directly using a high power detector they measure the propagation of a low power probe
beam using a CCD camera. The pump and probe occupy the same focal region in the sample but
travel with a slight angle between them. This allows them to be easily spatially separated for
detection. The disadvantage of this technique is the lower resolution of the camera compared to the
knife edge detector. Muzzamil et. al. [9.21] use the same method to measure the thermal lens focal

shift produced in a glass block with radial heating.
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The deflection of a probe beam as it propagates through a region with a temperature gradient can also
be used to measure the strength of a thermal lens. This is demonstrated in figure 9.10. Paugstadt and
Bass [9.22] demonstrate the method using a position sensitive detector. The advantage of their
technique is that by scanning the probe laser over the crystal a map of the refractive index profile can
be made with high spatial and temporal resolution. This also has the power to resolve aberrations

caused by the thermal lens.
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Figure 9.10: Probe deflection thermal lens measurement [9.22].

The focal length of an intracavity thermal lens can also be determined from measurements of the beam
outside of the cavity by applying paraxial transformations or by varying the cavity to determine the
stability zones. Beat Neuenschwander et. al. [9.24] showed that the focal length of a stable spherical
cavity could be measured from the far field beam waist diameter. They also show that the M? of the
beam can be calculated if the near field waist diameter is also known. The error in the measurement of

the focal length could be as high as 260% when the beam deviates from single mode.

Another approach is to measure the power at which a resonator loses stability. This approach is used
by Liu et. al. [9.25]. They show that a simple asymmetric plane-plane cavity with the gain medium
close to one output mirror becomes unstable when the focal length of the thermal lens equals the

distance between the other mirror and the laser medium.

More accurate measurements can be made using interferometry to measure the path length (phase)
difference across the sample directly. Khizinyak et. al. [9.26] use a phase shifting Mach-Zender
interferometer to measure the wavefront of a probe beam as it passes through an active laser rod.
Blows et. al. [9.27] use holographic lateral shear interferometry to measure the thermal focal length of

Nd:YVO, under lasing and non lasing conditions.
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The wavefront of a beam can also be measured directly with a Shack-Hartmann wavefront sensor. In a
Shack-Hartmann wavefront sensor an array of lenses form an array of focussed spots on a CCD sensor
the position of these change in accordance with the local tilt of the wavefront. The sensitivity of this

device can be very high (>A/100).

S. Chenais et. al. [9.28] describe using a Shack-Hartmann sensor to measure the thermal lens focal
length in various laser rods under lasing and non-lasing conditions. Their minimum detectable dioptric
power is below 1m™'. Mansell et. al. [9.29] use a similar setup to measure the thermal lens of
transmissive optics used in the LIGO long baseline interferometer setup. They calculated that the
minimum detectable optical path length change measurable with the Shack-Hartmann sensor used to

be below 10nm.

In an interesting adaption of the technique Zelenogorsky et. al. [9.30] use a scanning Shack-Hartmann
system to measure the wavefront distortions of a thermal lens in TGG. Instead of using a microlense
array and a CCD sensor for the Shack Hartmann measurement their system uses a single lens and
scans a probe laser through the TGG building up a Shack Hartmann diffraction pattern point-by-point.
In a traditional Shack-Hartmann device edge diffraction from each lens in the array limits the ultimate
sensitivity of the measurement. The scanning method effectively circumvents the use of a lens array
and increases the sensitivity of the measurement. The downside is the increased time to make a

measurement which limits this technique to examining steady state thermal lens only.

Shack-Hartmann and interferometer measurements allow aberrations of the thermal lens to be seen
directly. This is particularly advantageous for some applications. The geometric and cavity based
techniques need to be coupled with other measurements to do this. Our measurement method gives an
indirect measurement of aberrations through the M* measurement of the beam. The focal length of
beams with a higher M* will shift less with power than low M” beams because the power in the beams
is spread more evenly over the beam diameter. This causes smaller thermal gradients for the same

absorbed power and hence less thermal lens shift.

9.7 Thermal Lens Compensation
So far Chapter 9 has discussed the origin of the thermal lens effect and methods of modelling and
measuring the thermal lens effect. This section will now look at methods which have been used to

compensate for thermal lensing.

In solid state laser cavities designed for high power operation the thermal lens effect can be reduced

by including a pair of telescopic lenses. Hannah et. al. [9.31] showed that a combination of lenses
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within a cavity could be used to expand the beam size through the laser rod, thus reducing thermal

lensing and extending the power stability of the laser resonator.

These two papers and patent [9.32-9.34] report on thermal lens compensation by using an output
mirror which could be translated along the optical axis. This allows for adaptive compensation which
is very useful for applications which require a good beam quality over a wide range of output powers.
The disadvantage with this approach is the requirement to actively and precisely translate the output
mirror which requires additional system complexity. It also does not compensate for aberrations

induced by the non ideal form of the thermal lens.

The use of adaptive optics to compensate for the thermal lens effects has also been demonstrated.
These methods use adaptive elements to maintain a specified wavefront at some point in the system
through sensing and electronic feedback control. These can effectively compensate for the thermal
lens induced focus shift and also simple abberations. However they are complex and expensive to

implement.

Schwarz et. al. [9.35] use a mechanically deformable mirror to compensate the thermal lensing in a
Nd:YAG laser. Their system uses a manual adjustment of the mirror, but it’s easy to see how

electronic control could be integrated.

In another approach Degallaix et. al. [9.36] proposes compensating for a thermal focal shift by
inducing the inverse temperature gradient in a silica plate to form a defocusing lens. They achieved
this by heating the circumference of the plate so that the plate was coolest at its centre. The approach
has recently been demonstrated [9.37] using annular ring heaters bonded to the circumference of a
cylindrical piece of SF57. They showed that the focal length could be varied widely, and also that by

using non uniform heating they could compensate for thermal astigmatism.

Muzamil et. al. [9.38] use a CO, laser to induce a thermal pattern into a silica plate to produce a
tunable thermal lens. They propose that both positive and negative lenses can be created by the choice
of heating pattern (beam shape) or by changing between materials with either positive or negative
dn/dT. This has recently been demonstrated in the LIGO interferometer with feedback control to

maintain coupling.

The problem with active methods of compensation is that you have to monitor the wavefront of the
beam passing through the system to provide a feedback signal that can be used to optimise the
compensation. This requires a complex detection system and also complex control of the
compensating system. This cannot be practically applied to our Faraday isolator which is supposed to

be a passive component.
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Graf et. al. [9.39] showed that the thermal lens of an Nd:YAG laser could be effectively compensated
passively by introducing an optical element with a negative dn/dT into the cavity. They used several
different liquids and gels for this including OCF-446 and Sylgard 184. They found that a resonator
which became unstable at a pump power of around 370W could be pumped at over 600W (pump
limited) without becoming unstable. The thermal lens power with compensation was reduced to just
1.6 diopters/kW from around 17 diopters/kW uncompensated. Yoshida et. al [9.40] demonstrated the
same effect using a rod of poly-methyl methacrylate (PMMA).

Zelenegorsky et. al. [9.41] showed that the thermal lens created in TGG in a Faraday isolator could be
successfully compensated for using deuterated potassium phosphate (DKDP or KD*P). They showed
that the loss of power from the Gaussian mode could be reduced from 25% to below 0.5% at 45W
laser power. Khazanov and Zelenegorsky [9.42] demonstrated a similar approach using FK51 glass.
In chapter 10 we will look at the practicality of applying thermal lens compensation to our isolator
design. We will also look at the results of thermal lens focal shift measurements made on the isolator

with and without a compensating element.

9.8 Compensation of thermal lens with DKDP

Table 9.2 shows the properties of DKDP alongside TGG. These can be used in the model above,
sections 9.1 and 9.2, to predict the length of KDP required to compensate for the thermal lens
produced in the TGG. If we assume that the thermal lens focal shift (strength of the thermal lens) is
directly proportional to the length of the crystal. Then compensation should be easy to calculate by

simply keeping the ratio of TGG to DKDP fixed.

TGG DKDP
Thermal Conductivity (Wm'K™) 7.4 ~2
Optical Absorption (m™) 0.4 0.5
dn/dT @ 1064nm (K™ 16x10° -44x10°
Refractive Index @1064nm 1.954 no = 1.4931
ne = 1.4582

Table 9.2: TGG and DKDP parameters used in model.

Figure 9.11 shows the refractive index profile of a DKDP rod with a 1kW 1.1mm beam. With a 20W
beam through a 4mm piece of TGG the model calculates that this would produce a divergent 2m focal
lengh lens. This would compensate for a converging thermal lens of 2m in the TGG if the distance
between the lenses is small compared to the focal length of the lenses. The equation for the effective

focal length of a two lens system is given by
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Where d is the distance between the two lenses and f1 and {2 are the effective focal lengths.

This can be looked at in another way. Following the reasoning of Amin [9.44], if the change in

refractive index at a position r through a crystal is

dn(r)
dT

An(r)= (9.18)

Then the optical path difference at that point is

a,P 2 2
AOPL(r) = L;l—;T(r) _pdn ) 211{1) + Ei(zr j - E.(Z“Z j +T,,(9.19)

dT 4mk a ®’ o

If the TGG and DKDP crystals have the same diameter a and the absorption is small so that Py is

constant then for zero optical path difference at point r through the two crystals is

AOPL,.(r)= AOPL,,,,(r)

(L@zj :[Lﬂzj
dT' k Jreq dT k ) pxpp

Since dn/dT, the absorption coefficient and the thermal conductivity are material specific properties

(9.20)

then it is only the length of TGG and DKDP that we have left to change to achieve thermal lens
compensation. From 9.20 the ratio of TGG length to DKDP length is given by

(dn a]
LTGG dT k 1GG

= 9.21)

Lpkpr (dn aj
dT k ) pxpp

Using the properties of TGG and DKDP in table 9.2 the ratio of TGG to DKDP calculates to around

11:1. So, for a 40mm piece of TGG the DKDP compensator should be around 4mm in length.
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Figure 9.11: Refractive index profile in 3mm radius DKDP pumped with a 1kW Gaussian laser with

a radius of 0.5mm.

9.9 Temperature variation of the Verdet Constant and magnetic field strength

Following the work of Barnes and Petway [9.43]. The rotation angle 6 of a Faraday rotator varies with

temperature according to

146 _1dB 14V

- 9.17)
@dT BdT V dT

Where B is the magnetic field strength and V is the Verdet constant. They measured the variation in

Verdet constant near room temperature to be

é;l—‘T/:—3.47x10‘3K‘1 (9.18)

The variation of the magnetic field strength is easily measurable and is usually given by the magnet

manufacturers, typically
B -
BT —0.001K ™ (9.19)

If maximum isolation occurs for a rotation angle of /4 (45°) then it is easy to show that the isolation

(in dBs) will vary with temperature according to
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dB = 1010gm{10‘5 + sinzB—;’ (T -1, )}} (9.20)

Where T is the design temperature of the isolator (the temperature at which the rotation angle is
exactly m/4) and the factor of 10 is added to account for the fact that a real isolator would probably
have a maximum isolation of ~50dB and not infinite as this simple theory would predict. Figure 9.12

is a plot of equation 9.20 with the appropriate values.

From this it can be seen that the temperature has to be maintained to a fairly narrow range 10K if the

isolation is to remain above ~30dB. To extend this we would need some kind of compensation for the

change in rotation with temperature.

This simple analysis shows the effect of uniform increases in temperature. If we consider temperature
gradients in the TGG then these will affect the homogeneity of rotation across the beam. This will

further decrease the isolation.

-10 —
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Figure 9. 12: Variation of isolation with Temperature caused just by temperature variation of the

magnetic field strength and Verdet constant.
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Appendix 9.1 — Thermal Lens Shift in Terms of Rayleigh Length (from internal correspondence —
Chris Pannell G&H)
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In geometrical optics the back focal length of a two lens system, like the one shown above is given by

d
L=[1-Z|F (M
! ( fJ

Where

1,1 _d
=t @)
S

1
F Lo

The change in the back focal length with power is
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Combining equations 3 and 4 (noting that F/f<<1)
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Combining equations 5 and 7 and factorising gives
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From standard Gaussian Optics the divergence angle 0 and the Rayleigh of the ouput beam are given

by
A
6=—"—
T,
o,
Igy = 1
The half beam width at the lens is
@, = f, tan| ——
7T,
Assuming small 0 the final spot size is given by
@, = ~t—
W |

(10)

1)

12)

Substituting 12 into 10 gives the Rayleigh length of the output beam in terms of the beam radius of the

input beam and the focal length of the lens

2 2
_LA_
o= _ 577
T, Zpr1

Dividing equation 9 through by equation 13 yields

1 ofy |_F?zp Of
Zp OP ) f7 f? OP

However, from chain rule
1
s

_:_f-2

o
oP oP

Combining equations 14 and 15 and noting that F ~ f;if £>>1 we obtain the final result

vy AN
Zpy OP oP

<R

13)

(14)

5)

(16)
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Appendix 9.2: Derivation of temperature gradient

The steady state heat diffusion equation is

Where Q is the rate of heat generation. If the heating is by a Gaussian beam travelling in the z

direction with small absorption o then

272

Q(r, Z) :Ioae r02 e—aZ

The total power in the laser beam is given by

P=[ joz” [[ ot ordrdedz

Integrating gives

P al,w
2
Therefore Q in terms of laser power
2Pa Pa
a g a -z
O(r,z2)=——Fe" e“=——e"
T Tw

Assuming small absorption (0z<<1). Putting this into equation 1 and rewriting in spherical

coordinates with no 8 dependence

1d( dr P 1 2r?
——|r—|=—a—"5—exp| ——
rdr\ dr W
d( dT P 1 2r?
—|r—|=—a—"5—| rexp| —— |dr
dr\ dr T~ k0 w

1)

)

3)

“)

(&)
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dT P 2r
= +C )
dr 27[1( W’

Apply boundary condition dT/dr=0 at r=0

aP
dT _ g P | — exp| — 2r? 0
dr 2 Tkr P W’ (1o

Therefore the change in temperature between r and a (the outer circumference of the crystal) is given

by

2
j dT = -« E { ldr— lexp(— 2%}1;’} an
r 27K | r rr w
2
T(a)-T(r)=-a F {— ln(ﬁj— lexp(—z%}ir} (12)
27K r rr 7]
Substituting
2r?
I/t:—2
al 2r = 2r : 1 ¢
. ;C p(—?J: B 5 CXp( )—rd :5 222—€Xp( I/tk]u (13)
1 2“21 277
— exp( u)du——j exp( u)a’u j exp( u)a’u — |~ E;
2 w2 Cu o U pea w

Where Ei is the exponential integral function

—t
~ e
E(x)= L Tdt (14)

If T(a)=T,n then the temperature function is given by substituting equation 13 into equation 12 as

aP 2 2
=2 {— 21n(1j + Ei[zrz J - E{Z“Z ﬂ +T,, (15)
a w [

given in the text
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Chapter 10 - Faraday Isolator Design, Construction and Characterisation

This chapter describes the design and construction of our Faraday isolator, explaining the chosen
design options with reference to the theory already presented. It also includes the experimental results

made to characterise the device.

This chapter is structured as follows:

e  Section 10.1 - Design of Fibre-in Beam-out Faraday Isolator
e Section 10.2 - Optical Design and Polarisation Changes

e Section 10.3 — Magnet Design

e Section 10.4 - TGG

e Section 10.5 - Other Magneto-Optic Materials

e Section 10.6 - Thermal Lens measurement of Isolator

e Section 10.7 - Thermal Lens Compensation using DKDP

¢ Section 10.8 - Thermal Lens Compensation using Polymer

e Section 10.9 - Low Power Isolator Measurements

e Section 10.10 - High Power Isolator Measurements

¢ Section 10.11 - Summary

10.1 Design of Fibre-in Beam-out Faraday Isolator

The design of our fibre-in beam-out isolator is complex and incorporates many of the elements
explained in the previous chapters, such as dual TGG rods for thermal stress depolarisation

compensation; half-wave plates for rotation compensation; and DKDP for thermal lens compensation.

A schematic of the isolator is shown in figure 10.1. The fibre from the amplifier is fed through the
housing on the left and terminated with a short coreless piece of fibre (an end-cap) before being
collimated by an aspheric lens. The purpose of the end cap (as explained in chapter 8) is to allow the
light to expand from the core of the fibre and reduce the power density at the silica-air interface. This
reduces the likelihood of laser induced damage to the fibre end. The laser induced damage threshold
(LIDT) is often lower at a surface of a material (compared to the bulk) because of the presence of
polishing defects and contamination. Andreas Kuhn et. al. found that the LIDT of a fibre end could be

increased by laser annealing the surface to remove defects [10.1].

The product of fibre end-cap and aspheric lens is collectively referred to as a collimator. This is

assembled separately to the rest of the isolator and aligned and fixed to the isolator during the final
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stage of construction. The output is a low divergence “collimated” beam with a waist around 1.1mm.

The beam passes through the isolator with a 1° angle to the optical surfaces.

The next component in the optical path is a birefringent walk-off plate made of Yttrium
Orthovanadate (YVOy). This is a positive uniaxial crystal cut so that its crystal axis is non parallel
with the end of the material. This causes the two orthogonal polarisation states of the randomly
polarised beam from the fibre to “walk-off” (or spatially separate) from each other so that they can be

acted on independently to make a polarisation independent isolator. This is illustrated in figure 10.2.

The two beams from the walk-off plate then pass through two crystals of terbium gallium garnet
(TGG) and two half wave plates. These rotate the plane of polarisation of the laser beams for the
isolator to operate. TGG is the Faraday material of choice at the moment, because it is readily
available and has a high Verdet constant and low absorption at 1060nm. This coincides with the gain
wavelength of ytterbium doped fibre amplifiers. The use of two pieces of TGG and half wave plates

allows for the compensation of thermally induced depolarisation as described in chapter 8.

The permanent magnets (neodymium-iron-boron “NdFeB”’) around each piece of TGG are held in an
opposing configuration. This increases the magnetic field strength inside the magnets bore and
reduces the total amount of TGG required to give the necessary rotation. It also causes the sense of
rotation to change through each TGG rod, which is one of the prerequisites for our thermal

depolarisation compensation scheme.

A second YVO, walk off plate, identical to the first, is used to recombine the beams before they exit
the device. To aid the insertion loss (IL) and optical return loss (ORL) of the isolator, all surfaces are
anti reflection (AR) coated, and the beam passes through the optical components at an angle of ~1°.
This angle is corrected by a silica wedge at the output end of the device. An extra space has also been
left to accept an undefined length of material with potential to compensate, at least partially, for any

thermal lens produced within the device.

The mechanical structure in front of the collimator consists of a mirrored aperture angled at 45° and
another 45 degree mirror to reflect the isolated light into beam dumps at the rear of the isolator. One
of the major advantages of our design is that the forward transmitted light and reverse isolated light
are spatially separated by a large distance. This means that we can easily separate the two beams with
an aperture and move the unwanted light to a beam dump at a point where temperature rises can be

easily controlled.
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Figure 10.1: Mechanical (Top down) schematic of the Faraday isolator.

10.2 Optical Design and Polarisation Changes

A diagram of the optical paths that light takes through the isolator in the forward and reverse direction

and the polarisation changes induced are shown in figure 10.2.

In the forward direction the randomly polarised beam from the collimator, shown in red, is spatially
separated into two orthogonal, linearly polarised beams by the first YVO, walk-off plate. These are
rotated 22.5° anti-clockwise by the first TGG crystal and a further 90° by a half wave plate. The
second crystal of TGG then rotates the polarisation in the other sense (clockwise) 22.5° before the
beams are returned to their original polarisation states by another half wave plate. The beams are then

brought back together by the final YVO, walk-off plate.

Light propagating in the reverse direction (shown in blue) after rotation by the two pieces of TGG and
the half wave plates, is left in a polarisation state orthogonal to the one in which it began. This causes
the two beams to diverge in the walk-off plate so that they are spatially separated from the forward
propagating light. They are then directed by the mirrored aperture to a beam dump at the rear of the

isolator (away from the delicate fibre end).
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Using Jones’ calculus this design can be reconciled with the traditional Faraday isolator; a 45° rotator
separated by two polarisers. In the simplest case, the action of two counter-rotators with rotation
angle of 0, separated by a half wave plate with a fast axis horizontal, are equivalent to a single rotator

with rotation angle 26 [10.4]
cos@d sin@||1 o | cos@ —sin@ 3 cos280 —sin26 (10.1)
—sin@ cos@llo —1]|sin® cos® | |-sin20 —cos28

In the reverse direction

|:cos 6 —sin 9}{1 0 }|: cos@ sin 9} _ [— cos26 sin 29} (10.2)

sind cos@ ||[o —1|—sin@ cosé@ sin28  cos26

These are two orthogonal matrices: one with rotation in the clockwise direction and one
anticlockwise. This illustrates how two counter rotators providing essentially zero “net” rotation can
be coupled with a half wave plate to provide an effective non reciprocal rotation. If the rotators are
chosen to have 8=22.5° then the forward light experiences +45° rotation and the reverse -45° rotation.
This gives the 90° separation between the forward and reverse travelling light required to work as an

effective isolator.
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Figure 10.2: Beam paths through the isolator and polarisation changes for light travelling in the

forward and reverse direction. [Mark Gardner].
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The length of the walk off plates were chosen to provide the correct separation of the two
orthogonally polarised beams. In a birefringent uniaxial crystal the refractive index perpendicular to
the optical axis (ordinary refractive index (n,) is different to the refractive index parallel to the optical
axis (extraordinary refractive index (n.). For a uniaxial crystal the effective refractive index of the

extraordinary ray with respect to the optical axis is given by [10.3]

1 cos’ @ sin’ @
= +

2 - 2 2
n-(0) n, n, (103)

Where 0 is the angle between the optical axis and the direction of propagation of the extraordinary

polarisation and the optical axis (where n.=n, and the two waves travel together).

If a beam enters a birefringent material at an angle inclined to the optical axis, then it is easy to show

from equation(8.1) that the o- and e-polarised beams will walk apart by the angle p, given by

n*(0
tanp = © (iz —iz] sin(26)
o e (10.4)
Where
6 = tan ‘1( e ] (10.5)
nl)

In YVO, a beam entering at 45° to the optic axis n. = 2.2; n, = 2 the walk off angle between the
ordinary and extraordinary polarised beams is p = 5.5°. This gives a centre-to-centre separation of

around 2mm over our crystal length of 26mm.

Crystal
ais

Extraordinary ray

Incident ray

L4

Ordinary ray

Linjaxiat
medium

Figure 10.3: Birefringent walk-off plate.

188



10.3 Magnet design

In figure 10.4 the position of the magnets around the TGG can be seen. The magnet design was
developed to produce a strong and uniform field through the TGG rods. The final design uses two
23mm long cylindrical sintered NdFeB magnets with 36mm outer diameters and 7mm inner
diameters. The outside edge of the North end of each magnet is chamfered 1x1mm so that it is easily
identifiable. The inner diameter of the North end of the magnet is chamfered 1x2mm and the South
pole is chamfered 2x4mm. These chamfered regions are fitted with magnetic steel washers which

improve the uniformity of the magnetic field in the bore of the magnet.

Peter MacKay modelled the magnetic field strength of this ensemble using “MagNet” software [10.4].
The result can be seen in figure 10.4. Figure 10.5 shows the magnetic field strength through the centre
of the TGG rods. This is used to calculate the amount of rotation that the TGG would produce by

averaging the magnetic field at the position of the TGG and applying the Faraday Equation (8.1).

The magnetic field and hence the rotation of the TGG can be adjusted slightly by changing the
separation of the magnets, this results in an almost linear change in the rotation of 0.6°/mm between 1
and 8mm as shown in figure 10.6. This allows us to compensate for lot-to-lot variations in the Verdet

constant of TGG and the strength of the magnets.

The model also allows us to examine the uniformity of the magnetic field across the TGG rods. Figure
10.5 shows the magnetic field strength off-axis from Omm to 2.5mm. The variation in rotation caused
by the inhomogeneity of the magnetic field was calculated to be less than 0.04° across this region.

This is very important and affects the depolarisation of the beam and the maximum isolation.
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Figure 10.4: Diagram of magnetic field produced by the isolator magnet assembly.

1.00

0.75

0.50

0.25

0.00 T
-26 24

-0.25

-20

2 4 6 8 10 12 14 16 18 20 22 24 26

-0.50

-0.75

-1.00

Position / mm

Figure 10.5: Magnetic field strength through centre of the TGG rods.
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Figure 10.6: Polarisation rotation variation with the separation between magnets at 20°C.
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Figure 10.7: Variation of the magnetic field strength radially through the TGG rods.

The maximum field strength produced by two magnets with alternating polarities is much higher than
the field strength produced by a single magnet. This allows us to get “more” out of the magnets and
reduce the length of TGG required to give a total of 45° rotation [10.2]. It is also a requirement for the

thermal depolarisation compensation scheme using a half wave plate described in section 8.4.
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This design was found to be the optimum simple design which would fit within the footprint of our
isolator. Adding magnets to either end of the two magnets can be used to boost the field slightly more
but add complexity and are more expensive to manufacture and difficult to assemble [10.5]. In this
paper [10.6] Mukhin et. al. describe a complex composite magnet which uses both axially and radially
magnetised rings and magnetic conductors, like our steel washers, to create a permanent magnet
assembly with a field strength of over 2T at the position of the rotator. However, this design is very

complex and very large.

Another composite magnet design with an extremely strong field strength is explained in this paper
[10.7]. This would fit within the footprint of our isolator and Magnetic modelling has shown that the
field strength of this design would be almost twice as strong as our current magnets. However, the
magnetic system is extremely complex and would be complicated to build requiring many different

pieces.

104 TGG

The TGG used in our isolator was cut with a (111) crystal orientation. This is the most common
orientation of TGG available. However, Khazanov et. al. [10.6] examined the depolarisation of
various orientations of TGG and found that the (001) orientation causes less thermal stress
depolarisation. In an uncompensated design with a 45° rotator the (001) orientation causes 3.2 times
less depolarisation than the (111). In a compensated design the difference is more modest, with a 90°
quartz rotator between two TGG rods they found that the depolarisation varied by just 1% between the
two crystal orientations. In this case the (111) orientation would probably be preferable because the

two rods would not have to be aligned with each other in the horizontal axis.

The TGG was ordered from Synoptics the datasheet quantities are shown in table 10.1.

Verdet Constant @ 1064nm -40 RadT'm”
Verdet Constant @ 632nm -134 RadT'm
Absorption Coefficient 0.0015 cm™

Thermal Conductivity 7.4 Wm'K'
Refractive Index 1.95
Nonlinear Index 8x10™"

Figure of Merit (V/a) 27
Figure of Merit (V/n2) 5

Table 10.1: TGG datasheet [10.8].
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The length of TGG crystal needed to provide a 22.5° rotation when placed in the field of our magnets
is calculated by averaging the magnetic field strength at the location of the TGG and multiplying by
the length of TGG and Verdet constant. Using the magnetic field strengths in the model above the
length of TGG was estimated to be 14mm to provide 22.5° rotation when placed in the centre of one
magnet. Therefore, for the complete isolator we require two 14mm pieces of TGG. The diameter of
the TGG was chosen to be 6mm to allow for clearance of the two 1.1mm beams and for

mounting/heat sinking inside the magnet.

The surfaces of the TGG, and every other surface in the isolator, are antireflection (AR) coated for
good transmission at both 1060nm and 630nm. The reflectivity of a coating on the surface of TGG is
shown in figure 10.8. The design of this coating allows good transmission of both the signal light and
ared target beam which is used in many applications. An image of a red target beam exiting the

isolator can be seen in figure 10.9.
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Figure 10.8: Reflectivity of AR coating on piece of TGG.
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Figure 10.9: Image of red alignment laser transmission through isolator,

10.5 Other Magneto-Optic Materials

The magneto-optic material that we have used in our isolator, as discussed above, is TGG. TGG is the
most commonly used Faraday rotator in the 1um region and at room temperature it has a high figure
of merit. It is easily available and can be grown widely as rods with cross sections up to around 3cm.

However, it is not the only material available which exhibits strong Faraday rotation at 1060nm.

Other materials which can be used at 1060nm include glasses Kigre M18, MOS-4 and Mos-10 and
other paramagnetic crystals like gandolinium gallium garnet, terbium aluminium garnet, terbium
scandium aluminium garnet, sodium terbium tungstate NaTb(Wo00,), and lithium terbium molybdate
LiTb(M00,),. The semiconductor cadmium manganese telluride (CdMnTe) is also a possibility, and

recently the use of a TGG based ceramic has attracted attention [10.9].

A good overview of these materials was conducted by Starobor et. al [10.10] who were looking at
materials for a cryogenic Faraday isolator at 1070nm. From the literature they have identified that
terbium aluminium garnet (TAG), terbium scandium aluminium garnet (TSAG), NaTb(MoOQ,), and

LiTb(Mo00O,), have Verdet constants at least 30% higher than TGG.
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The magneto-optic properties of NaTb(Wo0O,), were measured by Liu et. al. [10.11] and compared to
a sample of TGG. They found that the Verdet constant of NaTb(Wo0O,), was -52radT'm™" at 1064nm
compared to -40 radT'm™ for TGG. They also found that the absorption of their sample of
NaTb(Wo0,), had a lower absorption coefficient than their sample of TGG, 0.44cm™ compared to
0.50cm’™. This means that at 1064nm their sample of NaTb(Wo00Q,), has a higher figure of merit than
their TGG, 18.3 compared to 12.4. Although it should be noted that their measured absorption
coefficients are very high as reported in their specification data — our TGG samples from Synoptics
had absorptions from 0.0012 to 0.002cm™. I believe they may be a factor of 100 out which could be

accounted for by a switch in units from m™ to cm™.

Guo et. al. [10.12] measured the properties of lithium terbium molybdate LiTb(M0O,), and compared
it to a sample of commercial TGG from Fuzhou TCT Co.. Their LiTb(Mo0O,), sample has a similar
absorption coefficient to TGG in the 800nm-1500nm region. They also show that LiTb(Mo0O,), has a
larger Verdet constant than TGG between 400nm and 1500nm. They determine that LiTb(MoO,), has
a higher magneto-optic figure of merit than TGG between around 600nm and 1500nm. The Verdet

constant at 1064nm was measured to be -76radT'm™.

Looking at the numbers both NaTb(Wo00y,), and LiTb(Mo0O,), seem like promising alternative
materials for use in a 1064nm Faraday isolator. However, they are not widely available and the
difficulty of growth and crystal quality is unknown. The size of rod aperture that can be grown is also
unknown. It is also impossible to give a full picture of their effectiveness as a Faraday rotator for high
powers without knowing the thermal conductivity, LIDT and dn/dT of the crystals which will affect

thermal lensing.

Another promising material is terbium aluminium garnet (TAG) which has a Verdet constant
approximately 30% higher than TGG [10.10, 10.13]. It also has excellent transmission between
400nm and 1300nm [10.13]. The problem with TAG is that crystals are very difficult to grow larger
than around 4mm in diameter. This limits the usefulness of TAG for high power applications. To
address this problem attempts have been made to make terbium scancium aluminium garnet which has
similar properties but is easier to grow to large sizes [10.13]. However, Starobor [10.13] reports that

the quality of samples obtained to date has not been very good.

The semiconductor cadmium manganese telluride (CdMnTe) has a massive Verdet constant at
1060nm of between around 170radT'm™ and 260radT'm™ depending on the concentration of
Cadmium to Manganese [10.14]. This is over 4 times larger than the Verdet constant of TGG. This
high Verdet constant allows very short isolators to be constructed. The disadvantage of CdMnTe is
that the absorption is high - between 0.2 and 0.7cm™ [10.10]. This limits the power handling of the

crystal because it exacerbates thermal effects. It is therefore unsuitable for a high power device at
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1060nm. CdMnTe may well be the Faraday material of choice at longer wavelengths >2um as the

absorption is significantly smaller.

The magneto-optical glasses Kigre M18, MOS-4 and Mos-10 are doped with elements like terbium to
increase their Verdet constant which tend to be about half the value of TGG. They can also be
produced with high purity and good absorption — which can be modified slightly by adjusting dopants.
The really big advantage of magneto-optic glasses, for high power use, is that they can be made with
very large, essentially unlimited, apertures. However, for our application this does not help much
because large apertures require large magnets and a device size which would be impractical for our
application. Over a very large aperture magnetic field uniformity also becomes an issue. The thermal
conductivity of glass is also much lower than the thermal conductivity of crystals and exacerbates

thermal problems for high power operation.

When comparing magneto-optic materials lots of people still use cgs units of min/(Oe-cm). To convert

to ST units of radT 'm™!

V(radT'm™)=290.9V (minOe'cm™) (10.6)

10.6 Thermal Lens measurement of Isolator

The thermal lens of a complete isolator was measured using the method outlined in section 9.4 and the
setup shown in figure 10.10. The isolator input fibre has a 20pm core and 330um cladding. This fibre
allows propagation of several low order modes. The M of light leaving the fibre is around 1.4.
Measurements of the focal position and Rayleigh range were made at 2W intervals from 4W to 20W
and as you can see in figure 10.11 the focal shift is very linear over this range. The negative sign
indicates that the focus position shifts towards the lens in the setup, indicating that the thermal lens is

positive (converging). The x-axis in this graph represents the change in power.

The result was a focal shift of -9 Rayleigh lengths per kW. This compares favourably with the value
of -7 Rayleigh lengths per kW predicted by the model presented in chapter 9. The slight discrepancy
between the measured value and the model is probably down to the assumption that only the TGG
contributes to the focal shift of the isolator. It is also likely that the actual value of the absorption

coefficient for our TGG is different to the values used in the model.

The absorption coefficients of ten pieces of TGG were measured using a laser calorimeter at Gooch

and Housego (Cleveland). The results can be seen in table 10.2. As you can see there is a fairly large
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variance in the absorption between samples. The average absorption coefficient is 0.00184cm™ the
lowest measured was 0.0015cm™ and the highest was 0.0022cm™. The lower values match up well

with the manufacturers quoted value given in table 10.1.

The M? of the light leaving the fibre was measured at each power level to check that it remained
constant. If the M* degraded with power because of depolarisation then we would expect the focal
shift with power to be nonlinear and decrease with increasing power. This was shown in reference
[10.16]. In reference [10.16] they do not give a reason for this dependence of focal shift on M2 We
believe it is because the temperature gradients decrease with M? because the peak of the transverse

Gaussian intensity profile decreases.

< 415mm - 55mm
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F=200mm NanoModeScan
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lens

Figure 10.10: Setup used to measure the thermal lens of a complete isolator.
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Figure 10.11: Focus position shift with power of complete isolator.
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Serial Number

Absorption Coefficient (cm'l)

T21645 0.0021
T24004 0.0015
T29857 0.0016
T35861 0.0019
T36209 0.0021
T36213 0.0020
T36217 0.0015
T36221 0.0016
T36225 0.0019
T36229 0.0022

Table 10.2: Measured Absorption of TGG samples (calorimeter, Cleveland)

10.7 Thermal Lens Compensation using DKDP

A 15mm piece of DKDP from Gooch and Housego (Cleveland) was introduced into the setup 15mm

in front of the isolator. The thermal focal shift of the isolator and piece of DKDP together was

measured to be 4.4 Rayleigh lengths per kW, figure 10.12. This indicates that a 15mm rod of DKDP

produces a negative (diverging) thermal lens with a power dependent shift of around 13 Rayleigh

lengths per kW. This is close to the prediction of 15Rz/kW of the model. This was our first

experimental proof that the power dependent focal shift could be compensated for with a passive
element of DKDP. It also confirmed what was expected from the model, that a 15mm piece of TGG

overcompensates for the thermal lens in the isolator.

The DKDP in the beam path did not degrade the beam quality, the M* of the measured beam in all

cases is <1.4. The repeatability of focal shift measurements made using this setup is very good back

to back measurements vary by < 1.5Rz/kW.
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Figure 10.12: Focal shift of isolator and 15mm DKDP.

These measurements were used to calculate the length of DKDP compensating element that we should
use to compensate for the thermal lensing of the isolator. Assuming that the focal length of the
thermal lens is long compared to the distance between the isolator and DKDP; and that the focussing
power of the DKDP is proportional to its length; then the length of DKDP required for compensation

of the thermal focal shift is given by

ThermalLensDKDP X LengthofDKDP = 13RzTkW X 15mm =10mm

ThermalLenslsolator 9Rz kW (10.7)

Therefore, 10mm of DKDP is required to compensate for the thermal lens in 28mm of TGG. This
ratio of TGG to DKDP is 2.8:1 is a long way from the predicted value of 11:1 calculated in section
9.8. It is likely that the parameters used in the model were not consistent with the actual piece of

DKDP used. Notably the absorption at 1060nm varies considerably with the amount of deuteration.

A compensation unit with this length and the correct dimensions to fit into an isolator was constructed
for testing. Figure 10.14 shows this DKDP compensation piece. The DKDP is held securely without
over-compression in a metal holder which fits neatly into the space provided in the isolator body,

figure 10.1.
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Figure 10.13: 99% DKDP sample constructed as isolating component for testing with isolator.

The thermal lens of a different isolator was measured with and without the DKDP compensator using
the setup shown in figure 10.14. This isolator was not fibre coupled, so the beam direct from the
delivery optics of the fibre laser was used. The diameter of this beam was reduced from Smm to Imm

using a Kepler telescope arrangement using two plano-convex lenses, f=100mm and f=20mm.

The power dependent focal shift of the isolator, DKDP and both together was then measured. The
results can be seen in figure 10.15. This isolator had a focal shift of -9.8 Rayleigh lengths per kW,
which is comparable to measurements made on other isolators. The 10mm length of DKDP had a
focal shift of 16 Rayleigh lengths per kW. This is larger than was expected from the measurements

above and we believe there could be several reasons for this

1) The 10mm DKDP crystal used in the compensation device was AR coated. The 15mm piece
of DKDP measured earlier was not. In both cases the power was measured after the DKDP.
Therefore to measure the same power at the detector the uncoated crystal would have to
“see” more power to account for Fresnel reflection. This was not taken into account in the
scaling used to estimate the length of DKDP earlier.

2) The DKDP samples were from different batches and so could have different levels of
deuteration and quality which could affect absorption and change the thermal lensing.

3) DKDP is also hygroscopic and so different storage conditions could have affected the

amount of water impurities in the sample and increased the absorption.
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4) TItis also common to find in the literature [10.16, 10.17] that small absorption in the thin layer

of the dielectric AR coating can add a significant amount of thermal lensing through

deformation (bulging) of the surface.

The combination of isolator and DKDP produced a focal shift of around 3.9 Rz/kW. The combination

of the two measurements separately is around 6Rz/kW (DKDP + TGG = 16 — 10

= 6Rz/kW). The

difference was attributed to the thermal lens of the isolator changing the spot size through the DKDP.

Nonetheless these results clearly show the principle of thermal lens compensation using DKDP.

After these measurements were made, the DKDP compensation module was built into a complete

isolator (s/n 01460264). This had a fibre with a 3523um core and 330um cladding. This fibre could

be spliced directly to the 35W pulsed fibre laser that we have and has an M of around 3.5.

120mm 40mm  240mm 240mm 55mm
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200W 1060nm O D

. BDO
fibre laser Isolator DKDP
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NanoModeScan

Figure 10.14: Setup used to measure the thermal lens of an isolator and DKDP.
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Figure 10.15: Power dependent focal shift of isolator (s/n 01460261) with and without DKDP

compensator.
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Figure 10.16 shows the setup used to measure isolator (s/n 01460264) with integrated DKDP
compensation module. Two measurements of this isolator can be seen in figure 10.17 and show that
the overall isolator has a thermal lens of ~2Rz/kW. The beam waist exiting the isolator was calculated
using the parameters measured and is shown in figure 10.18 alongside some direct measurements. The
beam is clearly not very well collimated. Through the isolator (in the region marked by the box on the
graph) the beam goes through a waist of diameter around 600um this doubles to 1200um in about
200mm. This would have affected the measurements slightly. However, compensation is still

impressive as long as the beam size is fairly constant through the TGG and DKDP

450mm 55mm
QO o Bl
—
Fibre Isolator
20/330umnc
F=150mm NanoModeScan

BK7 lens

Figure 10.16: Setup used to measure the thermal lens of isolator with DKDP compensation model.
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Figure 10.17: Thermal lens measurement of isolator (s/n 01460264) with DKDP module.
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Figure 10.18: Propagation of light after exiting the isolator, and inside isolator (ignoring refraction of

the crystals).

10.8 Thermal Lens Compensation using Polymer

The use of a polymer to compensate for thermal lensing is also being explored. The advantage of
using a polymer is that they often have very high thermal coefficients of refractive index dn/dT. They
are also relatively cheap, as they require little energy to produce compared to growing a crystal, and
require less processing. If a polymer with a suitable refractive index is chosen then the required
thickness can be pressed between two sheets of glass (or silica) without the need for internal AR

coatings.

The use of polymers for thermal lens compensation was first demonstrated inside an Nd:YAG laser
cavity by Graf et. al [10.18]. They placed the polymer in a gap between two laser rods so that the
temperature profile in the pumped laser rods was conducted, with a similar form, into the polymer.
They used several different polymers including OCF-446 (Nye) and Sylgard-184 (Dow Corning) and
found that the laser cavity was stable at over double the output power of the uncompensated cavity.
The M? of the cavity was also improved at moderate powers by the insertion of the compensating

element.

Sylgard 184 manufactured by Dow Corning has a refractive index around 1.46; a dn/dT of around -4.5

x10™ K'; and absorption of 0.25%/mm at 1064nm. The type of element we would consider using is a
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thin layer of Sylgard 184 sandwiched between two sheets of silica. The refractive index of Sylgard
184 is closely matched to silica so no AR coating should be required on the inside of the silica sheets.
AR coatings in contact with the Sylgard 184 could ruin the thermal lensing of the compensating
element as even small absorption in the coating could lead to a large change in the temperature

gradients and thermal lens produced in a thin sample.

The modelling of temperature gradients in a thin film of material is more difficult than in a long rod.
This is because the assumptions made in section 9.1 for a cylindrical rod are no longer valid and the
boundary conditions are different. So far, for these reasons, no attempt has been made at modelling
thermal gradients in Gaussian pumped thin sheets. An estimate of the thickness of Sylgard 184
required to compensate for the isolator thermal lens was made simply on the basis of the thermal
dispersion of the refractive index and the absorption. Several samples with thicknesses ranging from
Imm to 3mm were produced with the intention of conducting thermal lens measurements. However, it
was found that the thermal lens produced by these was too strong and immeasurable. Thinner samples

are currently being made and should hopefully be available soon for measuring.

In the meantime the samples already available were used to evaluate the power handling of Sylgard
184. A 3mm thick sample between 2 silica plates was irradiated by an 0.8mm diameter beam at
1064nm M?=1 for >4hrs at just under 60W without damage. The power was then turned up to 75W for
an hour without damage. The sample was damaged when we tried to increase the power to 90W. This
is 40W higher than the target power of the isolator. Figure 10.19 shows the results of this test. Five
different locations on the sample were then irradiated separately and found to damage at between 80

to 100W.

Long term reliability testing of the Sylgard 184 component would obviously be necessary if this was
to become part of the isolator design. Though it could be envisaged that this forms a “bolt-on”
accessory for the isolator if the mean time between failures is found to be short, ~100’s of hours,
because the production cost could be substantially cheaper than including a DKDP crystal inside the

isolator. It would then probably be considered a consumable which needs periodic replacement.
The important thing to discover then is how the performance of Sylgard 184 degrades during

operation, does the absorption increase with time, if so then the thermal lens compensation

performance will degrade, or does it cause beam aberrations as it fails.
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Figure 10.19: High power testing of Sylgard 184.

10.9 Low Power Isolator Measurements

This section describes measurements of the isolation, insertion loss and return loss of an isolator.
These measurements are made at low power and used to characterise the device. The assumptions and

errors in these measurements are discussed where appropriate.

e  Section 10.9.1 discusses isolation measurements
e  Section 10.9.2 discusses Insertion loss measurements, and

e  Section 10.9.3 discusses return loss measurements.

10.9.1 Isolation Measurements

To measure the isolation at low powers a 10mW 1064nm DPSS laser with a 0.8mm diameter beam is
shone through the isolator in the reverse direction, without the beam dumps in place. A CCD camera
is then used to find the two high power “isolated” beams which exit the isolator, as shown in figure
10.20a. The “residual” beam which contains the non-isolated light is situated between these two
beams. A pinhole is then positioned to block the two isolated beams and pass the central residual
beam. The residual beam should be visible on the CCD when the CCD is not being saturated by the

other beams, figure 10.20b. The pinhole is then positioned to ensure that there is no clipping. The
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power in the residual beam P, is then measured and compared to the input power Py,. The isolation in

dB can then be calculated using

P
IsolatioNdB) = _IOlOg{fj

in

(10.8)

This isolation is the intrinsic isolation of the isolator and does not include the coupling loss which will
be present with a collimator in place. It can therefore be thought of as the worst case isolation and

assumes 100% coupling between the input beam and the collimator.

Figure 10.20: Isolation measurement beams on a CCD a) isolated beams and b) residual/not isolated

beams.

When an isolator is constructed it is setup in an assembly jig so that this measurement can be made in
real time. The wave plate and TGG orientations are then adjusted to optimise the isolation. Using this
approach we can often achieve an isolation of >35dB. This is a rather ideal situation as it uses a
narrow linewidth laser and would not be the isolation that you would get when used with a typical

high power fibre laser, which will almost certainly have a much larger linewidth.

For example, when an isolator with an isolation of 32-33dB optimised with the DPSS laser is
measured using our 200W SPI fibre laser the isolation is reduced to about 23dB. This is to do with the
wavelength dependence of the Verdet constant and the linewidth of the laser. The linewidth of the
DPSS laser is very narrow <0.1nm compared to the SPI fibre laser which is greater than 10nm. There

is also a slight difference in the central wavelength between the SPI laser and the DPSS laser.
Optimisation of the isolator wave plates with the SPI laser can increase the isolation to around 26dB.

Ideally, it would be good to optimise the isolation using the source with which it is intended to finally

operate.
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10.9.2 Insertion Loss Measurement

The insertion loss of an isolator is measured by shining the 0.8mm DPSS laser through the device in
the forward direction and recording the transmitted power with and without the isolator in place. The

insertion loss in dB is then calculated from

P .
IL(dB) = 101og(—P e J
transmitted ( 109)

Where Pjycigent 1S the power without the isolator in place and Py ansmined 1S the power after the isolator.

A typical insertion loss for an isolator is between 0.3 and 0.5dB.

The insertion loss can also be measured after the collimator is attached, by performing a fibre cut-back
measurement. The isolator fibre is spliced to a 1064nm source and the power in the exiting beam
Piansmited 1 measured. The fibre is then cleaved on the isolator side of the splice and the power Pjcigent

measured. The difference in these powers then gives the insertion loss the same as before.

For measurement simplicity we prefer to measure the insertion loss using the first method because a
lot of the fibres used with isolators are few-moded. When using these fibres the insertion loss and
other measured quantities tend to vary depending on the modal distribution in the fibre, which is often

unstable.

10.9.3 Return loss measurement

The return loss of the isolator is measured using the setup shown in figure 10.21. A 1064nm source is
spliced onto port 1 of a 3dB splitter. The isolator (or other component under test) is spliced onto port
2. The reflected power P, from the isolator, or other component, is then measured on port 4. Port 3 is
terminated with an angle cleave and immersed in index matching gel to prevent back reflections from

this redundant arm.

—> —V:I

1 3dB Splitter 2

1064nm

Source Isolator

A
P, P,

r»& perp

Angle Cleave and
Index Matching Gel
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Figure 10.21: Setup for measuring the return loss of an isolator.

The optical return loss is then calculated from

ORI(dB) = IOIOg(gj -3

r

(10.10)

This requires that the incident power P; is well known; that the 3dB splitter is exact and that any

reflections from splices and the 3dB tap are negligible.

A method of normalisation which removes these errors is to reference the optical return loss to a
known value, like the 14.7dB (4%) reflection from a perpendicularly cleaved fibre. This can also be
used for measuring ORL from multimode components where the splice loss between the 3dB splitter

and the component is directionally dependent. Using this method the return loss is given by
1.47
ORL(dB) = lOlog[”"”PJ (10.11)

where Py, is the back reflected power measured out of port 4 with a perpendicularly cleaved fibre on

port 2 and P, is the power measured out of port 4 with the isolator spliced onto port 2.

An optical return loss measurement made by Dr Norman Fisher is shown in figure 10.22. The upper
graph in figure 10.21 is of the back reflected power from the isolator P,. The bottom graph is of the
reflected power from a perpendicular cleave Py.,. These are recorded over several minutes to provide
a good average for the mean value. This is important because the reflected powers from the isolator
are very low. During the recordings the fibre is manipulated slightly to give an idea of the polarisation

and modal dependence of the return loss.

These measurements are made with a data acquisition card which records the 0-1V power proportional
output voltage from a Newport power meter. The scale is linear with power, but the units are arbitrary.
Fortunately this is unimportant as it is the ratio of the mean values of each of these readings which are

important to make an optical return loss measurement.

This particular isolator has an optical return loss of 51 = 5dB. Typical return loss measurements for

the latest design of isolator are >50dB.

208



Returned Power x 10°

Returned Power x 10°

BR from Isolator I

1.0

0.8+

0.4

0.2+

0.0

Mean: 0.31133 x 10’

T

T T

T \ T \ T
0 50000

T
100000 150000 200000
Time (a.u.)

BR from 35/330um Perpendicular Cleave I

1.6

1.4 4

1.2 1

1.0

0.8+

0.6

0.4+ | Mean: 1.07906 x 10’

T T T

T I

T T
100000 150000 200000

Time (a.u.)

T T
0 50000

Figure 10.22: Measurement of Return Loss of isolator.
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10.10 High Power Isolator Measurements

This section describes measurements of the isolator at high power. Including measurements of the
isolation with power and the isolation verse temperature changes caused by absorbing a high power

beam in the beam dumps.

e Section 10.10.1 discusses isolation measurements at high powers
e  Section 10.10.2 discusses isolation measurements with the beam dumps in place, and

e  Section 10.10.3 discusses a 200hr burn in test on an isolator.

10.10.1 Isolation-Power Measurements

To demonstrate that our isolation does not change significantly with power we conducted the
following experiment. We used an isolator with no collimator or beam dumps on the back and aligned
it in reverse with a Imm beam from the 200W SPI fibre laser with a central wavelength around
1060nm and a linewidth of ~10nm. With no beam dumps or collimator we get three beams exiting the
isolator, as shown earlier in figure 10.18. The central beam is the residual beam which has not been
effectively isolated; the other two beams are the isolated beams which have not been recombined onto
the optical axis. Ideally all the power should be in the outer beams and we would have no central

beam.

To make isolation measurements the two outside beams are separated from the residual beam using a
mirrored aperture and the power in the central beam recorded on a power meter, as shown in figure
10.23. The isolation of the isolator is then calculated from the ratio of the power in the residual beam

P, to the input power Py, (in dB) as follows

P
IsolatioldB) = —1010{{%} (10.12)

in

Conducting this measurement without the collimator on the isolator removes the problem of coupling
light into the fibre to measure isolation. This is very difficult and even in the best case will probably
introduce an extra 1dB loss. The isolation measured using this setup will therefore be worse than the

isolation of the complete isolator.

210



Figure 10.23: Setup for measuring isolation at high powers.

This isolator when built was optimised with a 1064nm DPSS laser with about 10mW output power.
This has a narrow linewidth <Inm and the isolation of this source is around 33dB. When we transfer
this to the high power fibre laser with a linewidth of around 10nm the isolation decreases to around

23dB. Optimising for this laser source gives a best case isolation of around 26dB.

Using this setup the isolation of this isolator was measured at a range of output powers from 5W to
60W. The isolator was allowed to dwell at each power setting for 5 minutes before a measurement
was made. This was to ensure that we were reaching a thermal equilibrium and taking measurements

under realistic conditions. As shown in figure 10.24 the isolation does not change significantly with

power.

This is an important result which supports that the thermal stress induced depolarisation compensation

works.
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Figure 10.24: Isolation against input power.

10.10.2 Isolation with Beam Dumps and Temperature Measurements

In another test the isolation of the isolator was monitored with the beam dumps in place. The aim was

to see how the dumped energy heated the isolator and see how the raised ambient temperature affects
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isolation. From section 9.8 we know that increasing the ambient temperature affects the isolation by

changing both the magnetic field strength of the magnets and the Verdet constant of the TGG.

This is a longer term effect than stress induced depolarisation as the Faraday isolator and magnets
form a large thermal mass and take a while to reach equilibrium temperature. The heating of the whole
isolator from room temperature to a stable raised temperature for a given input power takes several
hours. On the other hand the heating of crystals inside the isolator and the setting up of temperature
gradients, which cause thermal stress depolarisation and thermal lensing, will probably only take the

order of 10’s seconds because of their small size and high thermal conductivity.
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Figure 10.25: Temperature rise of isolator outer casing and isolation with 28W reverse input power.

When the beam dumps are on the isolator, the energy in the isolated beams is absorbed in the device.
This causes the isolator to heat up. As shown in figure 10.25 with 28W into the isolator in the reverse
direction the isolator temperature, measured on the outside of the isolator case, rises from room
temperature ~23°C to around 60°C. This is approaching the upper operating temperature of the isolator
and represents what we would consider an “extremely” unlikely condition during operation, prolonged

exposure to greater than half of the rated output power of the isolator.

The isolator was not adequately heat sunk for these tests, because we were interested in creating a
temperature rise to see the effect on isolation. If these conditions were typical during normal operation
then we could alleviate the temperature rise significantly by heat sinking the beam dumps to increase

passive cooling, or by surrounding the heat dumps with a water jacket for active cooling.
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The good news from the perspective of the isolator is that even under these challenging conditions the
isolation remains above 15dB. Falling slowly from a starting value of around 28-29dB. The high
isolation measurements in figure 10.21 are limited by the sensitivity and resolution of the pyroelectric

detector which was used to make measurements of the isolated beam power.

10.10.3 200hrs 60W Power Handling Test

To test the durability of the isolator a short lifetime test of 200hrs was conducted. For this test a Imm
free space beam was passed through the isolator in the forward direction. The throughput power and
the temperature of the isolator at several points on the outside of the case were then monitored. The

results of this test are shown in figure 10.26.

The power through the isolator was maintained at above 50W for the 200 hour. The insertion loss and
isolation were measured before and after the test and were found to be unchanged. The highest rise in
temperature was <2°C above ambient beside the front collimator. This is near to the position where
residual light (light which has been depolarised) in the forward direction hits the inner casing. At
around 140hrs the test was stopped and restarted. At this point the interlocked box, in which the test
was being conducted, was opened and the temperature dropped. At this time the fibre coupling of the
laser was realigned with better coupling. Hence, the ambient (in the box) temperature and isolator

temperatures are all lower after 140 hours.
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Figure 10.26: 200hr test of isolator with greater than 60W input.
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Appendix A10.1: Limits on Thermal Lens Compensation in Isolator if ‘“bolt-on”> DKDP

compensator is used at output. (Chris Pannell - Internal correspondence)

In our isolator design we decided to place the thermal lens compensator after the second walk-off
plate. The question was raised as to what effect this has on the efficiency of compensation? Is it better
to place the compensator at this position or in between the two walk-off plates? The answer to these
questions are complicated and depend on what is felt to be most important, compensation of thermal

induced stress birefringence or compensation of thermal lensing.

If the thermal lens compensator is placed between the two walk-off plates then it is possible to get
perfect thermal lens compensation for all polarisation inputs into the isolator and not cause
astigmatism in the output beam. However, then you run the possibility of the compensating element

introducing birefringence and spoiling the isolation/insertion loss of the isolator.

If the thermal lens compensator is placed after the second walk-off plate then birefringence or
depolarisation in the compensator does not effect the operation of the isolator. However, in this case

perfect thermal lens compensation is not possible, but we can get fairly close.

The instantaneous input polarisation state into the isolator is unknown and varies randomly with time.
The total power P in the beam is constant. The input polarisation is split into two orthogonal
components by the walk-off plate. These travel separately through the TGG crystal before being
recombined at the second walk-off plate. The DKDP then acts upon the beam after recombination.

Schematically this can be shown as

Py
P / [ \‘
- 3 ]
*‘ TGG ,/‘
Walk-off Walk-off
plate 1 plate 2

TGG N

DKDP [(—»

v

Since the TGG is the main contributor to thermal lensing this is equivalent to something like this
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Polarisation beam splitter 1 sends the H-component through a thermal lens whose focussing power
(1/fy) depends on the optical power Py in the H-component. Likewise, the V-component travels

through a lens with focussing power (1/fy). The total power P = Py + Py,.

To a good approximation the focussing power of fy and f, can be expressed as

1
——=a+bP,, +cP,,’ +dP,,’

HY (A10.1)

Where a, b, ¢ and d are constants. The compensating lens from the DKDP now has top compensate for

(1/fy) and (1/fy) using only one power-dependent focal length, fc. Where

_ L =a+bP+cP’ +dP (A10.2)

C

For a linear input polarisation state the power in the H-component and V-component transmitted by

the polarisation beam splitter is given by

P, =Pcos’ 6

(A10.3)
P, = Psin’ @

where 0 is the angle between the polariser axis and the polarisation direction of the input beam. If

6=0° pure H-polarisation; 6=90° pure V-polarisation. So for the H-component
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1 a+b(Pcos® @)+ c(Pcos”* 8)> +d(Pcos’ 6)°

H

| (A10.4)
— =a+b(Psin” )+ c(Psin* 8)*> +d(Psin’ 6)’
v
If we now choose a compensating element with
_% =a+b(AP)+c(AP)* + d(AP)’ (A10.5)
c

Where A is an optimisation parameter (O<A<1) which has to be chosen. If the distance between Fy
and Fc is much smaller than their respective focal lengths, then to a good approximation the focal

powers are additive, so

€ +L =a+b(cos’@—A)P+c(cos* @—A)P*> +d(cos® —1)P* (A10.6)

fu  fe

Likewise for the V-component

L +L =a+b(sin® @ —A)P+c(sin* @ —A)P> +d(sin® - )P’ (A10.7)

fv fe

If 6=45° Py=Py and the H and V thermal lenses are equal strength (1/f};) = (1/fy). In this case with
A=1/2

1 1 1 1
B + (A10.8)

fo fe fr fe

In this case we can achieve perfect compensation. For all other 0 (1/fy) # (1/fy) and so perfect

compensation is not possible for both the H and V-components simultaneously.

The optimum value of A, which gives the lowest possible total lens power in both the H and V-

components varies with 0 as
A,, =cos’ 6 (A10.9)

opt

This has an average value of
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(A10.10)

</10w> = <cos2 0> =

| =

Therefore for a randomly polarised beam the best we can do is compensate for 6=45° with A=1/2. In

the worst case (6=0° or 90°) then we have

A, 1. b(le + CLEJPZ + d(zjzﬁ (A10.11)
PN 4 8

Compare this to the uncompensated case in equation (A10.1) and you can see that to a first

approximation (linear in P) we have halved the power of the thermal lens.

In the best case (6=45°) we have eliminated the thermal lens. In practice we will have compensation
varying between perfect and half for all input polarisation state. The average value is given by

working out the RMS of equations (A10.6) and (A10.7)

The above analysis assumes a random time-varying linear input polarisation from the fibre. If the
input state is a scrambled mixture of modes each with a random polarisation orientation then on

average Py = Py and compensation will be more effective.

Note that if the DKDP was placed between the walk off plates so that both polarisations travel through
the DKDP separately then we can achieve compensation for both polarisations independently. Then

“perfect” compensation is possible for any given input polarisation.
The advantage of having the DKDP outside of the walk-off plates is that any depolorisation caused by

the DKDP does not affect the isolation of the isolator. This is of more fundamental importance than

the reduction of the power induced focal shift caused by the isolator.
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Chapter 11 - Conclusion

This chapter summarises the results and conclusions from the Faraday isolator development. It also
includes suggestions for improvements to the isolator and further development work that could be
done to advance the isolator. This chapter also contains a short section on a triple pass fibre-in beam-
out isolator which was designed and constructed early on in the project but was abandoned after
disappointing early results. The chapter finishes with a section describing a 20W fibre-in fibre-out

isolator that we are currently developing.

This chapter is structured as follows:

e Section 11.1 - Summary of Isolator Development
e Section 11.2 - Next Steps
e Section 11.3 — 20W Fibre-in Fibre-out Isolator

11.1 Summary of Isolator Development

A fibre-in beam-out isolator with excellent optical performance and compensation for thermal stress
induced birefringence and thermal lensing has been developed. The possibility of compensating for
isolation loss from temperature rises and wavelength changes has also been investigated, although not

implemented.

The isolator has been tested at greater than 60W powers and found to not suffer from loss of isolation
or increase in insertion loss. The loss of isolation that would occur due to stress induced birefringence
in TGG has been understood and modelled following the work of Khazanov et. al. [11.1, 11.2]. A dual
rod design with two contra rotating 22.5° Faraday rotators separated by a half wave plate was chosen
to compensate for thermal stress induced birefringence which otherwise would have affected the

isolation at high powers.

Thermal lensing has been treated both theoretically and experimentally. The thermal lens focal shift
intrinsic to the isolator, caused by absorption in the terbium gallium garnet Faraday rotators has been
measured as 9 Rayleigh lengths per kW. We also demonstrated that this could be compensated for by
including a suitably chosen extra component which produces the opposite shift in the focal length, for

this purpose deuterated KDP has been investigated.
The magnetic design of the isolator has been explained and calculations made of the magnetic fields

produced by the NdFeB permanent magnets, simulated using the finite element package FEMM
[11.3].
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The mechanical design of the isolator has also been considered and the construction method. To
simplify manufacture the isolator is built as an “in-tube” construction which allows very strong
magnets to be compressed safely in an opposing configuration. The input collimator to be spliced onto
a fibre laser is constructed separately from the isolator and only aligned and secured in the final stages
of construction. This allows us to optimise parameters like pointing and offset with respect to the

isolator body.

11.2 Next steps

The obvious next step in the isolator development would be to alter the mechanical design slightly to
allow the TGG rods to be independently rotated. This would allow us to rotate each TGG rod into its
best orientation for optimum PER performance. Also if we get a good supply of isotropic TGG with
little initial stress then it would allow us to optimise the orientation of the TGG rods for thermal stress
birefringence compensation. As shown in section 8.5 thermal stress birefringence is minimised when

the TGG <100> axis makes an angle of 0,;;, with the input polarisation. Where
3\ 1« (a & -1
6. = (n +—j— +—| —= arcsm[—f—zJ n=-2,—-10,12... (11.1)

This requirement specifies that the axis of the two TGG rods also have to be mutually aligned. This
should increase the isolation and decrease the insertion loss of the isolator and allow performance up
to higher powers without degradation. Figure 8.10 shows that at SOW the difference between the best

and worst case orientations could be as much as 8dB.

It would also be good to characterise some other parameters of the isolator like the pointing accuracy
and pointing accuracy stability and drift with temperature. The pointing accuracy and stability in a
laser marking or cutting system is obviously extremely important and we know from customer
feedback that our collimator components fare extremely well in pointing accuracy and pointing drift
with temperature. We attribute this to the simple single lens design; precise fibre positioning and the
symmetric design using low stress, low thermal expansion adhesives. In the near future we plan to

develop in-house testing methods for measuring these quantities more accurately.

Currently, we have begun development of a 20W fibre-in fibre-out (FIFO) isolator. This will be
described in section 11.3. The biggest challenge with a FIFO isolator is not in the design of the
isolator but in the coupling over long distance of two single mode fibres. Fortunately, at Gooch and
Housego (Torquay) we have experience in this area from the development of the “Fibre-Q” an inline

fibre AOM.
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We were also considering increasing the performance of the isolator by increasing the size of the
magnets and reducing the length of TGG in the isolator. As mentioned in chapter 8 reducing the
length of TGG decreases the problems associated with parasitic thermal effects. It could also possibly
reduce the cost of the isolator because the TGG crystal is by far the most expensive part. The
downside is a larger and heavier device. Some modelling of magnet designs has already been done
into this and we found that increasing the magnets outer diameter from 36mm to 54mm would reduce

the TGG length from 28mm to around 20mm.

It would also be interesting to look at the other Faraday rotating materials like terbium aluminium
garnet, Cadmium Manganese Telluride and Ceramic TGG highlighted in section 10.8. However, this
would require a lot of work in the development of these materials as most have only been grown in
laboratories. The production of high quality and consistent materials would be necessary to make

them economical.

Finally, of longer term interest we would like to examine and investigate materials which produce
Faraday rotation at 2um. This would allow us to produce Isolators targeting the emerging Thulium
fibre laser market, which is currently underserved by component suppliers. A project aimed at
increasing our capabilities in this important wavelength region has recently started. The largest
unknown in this project is material availability, as very few materials have been measured for Faraday
rotation at these wavelengths. Initial literature searches have highlighted AlGaAs, BaF, and ZnSe
[11.4] however the Verdet constant of these materials at 2pm is still only a maximum of half the size

of TGG at 1060nm.

11.3 Fibre-in Fibre-out Isolator

The most recent advancement of the isolator project has been to design a fibre-in fibre-out isolator for
powers up to 20W. This is a logical step for the isolator project as it combines a number of
capabilities within the company, including the design and construction of high quality collimators and
the use of paired collimators to create fibre-coupled devices like the “Fibre-Q”, our fibre coupled
AOM. The key to creating a high power and stable fibre out device is to optimise the coupling
between collimators and control the removal of light from the cladding of the fibre so that it can be
absorbed over a relatively long area. This prevents hotspots and failures in the output fibre. With our
current solution and a 0.5dB coupling loss we believe that we can reliably couple around 30W before

failure.
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A future development project will involve looking at alternative methods to couple light out of the
glass cladding of the fibre to allow the isolator to operate at higher powers. The use of graded index
epoxies along the fibre length to progressively strip out larger quantities of light or the bonding of
glass capillaries to the fibre may be a logical next step. At high powers it may be necessary to
implement compensation for thermal lensing in the package. Thermal lensing will be seen as a power

dependent insertion loss as it changes the beam parameters and will affect coupling between fibres.

This FIFO isolator will be of a single pass, single rotator design. This keeps the isolator simple to
construct for the first iteration and avoids the problems we experienced with the FIBO triple pass
isolator. Subsequent designs may revert to using a triple pass if it is found to work out more cost

effective, or if the length of the isolator is decided to be too large.

The elements of the isolator and the polarisation rotations that we expect to see through the isolator
are shown in figure 11.1. The design is similar to the triple pass design except the triple pass TGG rod
has been replaced with a single pass 45° TGG rotator and the quartz rotators have been combined into

one piece.

In the forward direction the unpolarised light is split by the YVO, walk-off plate into its two
polarisations. These are then rotated clockwise 45° by a TGG rotator then 45° anticlockwise by the
quartz rotator before being recombined by the second Y VO, walk-off plate. In the reverse direction
the beam is rotated 45° clockwise by the quartz rotator then a further 45° by the TGG so that it is left

in a polarisation state orthogonal to the one in which it began and so separated by the walk-off plate.
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Figure 11.1: Path of beams through optical components of single-pass FIFO isolator, side view and

top view, and polarisation changes in forward (red) and reverse (blue) propagation. [11.5]

A simple magnet assembly using three opposing magnets has been designed, figure 11.2. The TGG
will sit in the bore of the centre magnet where the average field has been determined to be 0.93T.
With this field strength the TGG should produce a rotation of 46.9°. The rotation has been chosen to
be slightly higher than 45° because it will drop as temperature increases and it is expected that the
isolator will operate at a temperature a little above ambient under real conditions. The variation in the
rotation radially across the TGG from the centre of the crystal to a radius of 0.5mm is predicted to be

better than 0.15°,

The magnetic field can be tuned by inserting non magnetic steel spacers between the magnets, figure
11.3. With 2mm spacers between the magnets the rotation in a 22mm piece of TGG is reduced from
47.1° to 45.8°. Counter intuitively increasing the space between the magnets improves the uniformity
of the magnetic field, so that the difference in rotation between the centre of the beam and the outside

of the beam falls from 0.15° to 0.07°.
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Figure 11.2: Magnetic field around triple magnet design calculated using finite element software

FEMM [11.3].
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Figure 11.3: Rotation of TGG in triple magnet design, figure 11.6, with spacers between the magnets.
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